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FOREWORD 


By GEORGE E. BARNES,! M. Am. Soc. C. E. 


Since 1933 the construction of sanitary engineering projects has been 
financed largely by Federal funds allocated as loans or grants-in-aid. Federal 
funding agencies act in part as co-ordinating agencies also, in reviewing studies 
and plans for various types of projects proposed for individual population 
centers and local areas. In the Ohio Basin as elsewhere, such review has 
made more apparent than ever the desirability of more comprehensive plan- 
ning for the region as a whole, as the basis for a long-range policy on conserva- 
tion and proper utilization of water resources. 

The Ohio Basin, from the standpoint of size, natural wealth, and population 
supported, is one of the most important in the United States; and it seems 
appropriate at the present time to focus technical and lay interest on its 
peculiar sanitation problems. With this object in mind, the Cleveland Section 
of the Society appointed a Special Committee to work in co-operation with 
the Sanitary Engineering Division and to organize a Symposium on Stream 
Pollution in the Ohio Basin. The Committee included the writer as Chairman, 
and George B. Gascoigne, Rollin F. MacDowell, and George B. Sowers, 
Members, Am. Soc. C. E. The Committee was of the opinion that, although 
there may be interesting and comparatively unexplored problems in sanitary 
engineering, particularly in the field of industrial wastes treatment, nevertheless 
questions of design or treatment processes might properly be subordinated in 
this Symposium to an appraisal of the critical problems now existing in the 
water-shed, the outlook for co-ordinated planning, and the procedure for 
initiating and enabling sanitation improvements. Emphasis in the following 
papers is directed toward this end. 

Mr. Streeter’s paper describes methods for surveying the extent of pollution 
and gives the results of such a survey on the Ohio River, together with sug- 
gestions for minimum standards for river condition. Mr. Ryder’s paper, 
discussing the operation of the Pymatuning Reservoir, shows that in certain 
cases it may be at least as valuable to regulate dry-season flow for dilution 
purposes as to invest in sewage plants complete with secondary treatment. 
Mr. Stevenson’s paper is devoted to the extraordinary duties carried by the 
Pennsylvania Department of Health in time of flood, and indicates from 
experience many factors that must be considered in the design of sanitary 
engineering projects and in the organization of service agencies, if these are 
to function during emergencies. Mr. Tisdale’s paper sets forth an excellent 
picture of sanitary conditions in the Ohio Basin as a whole, and is supplemented 
with papers by Mr. Davis on the problems at Pittsburgh, Pa., and by Mr. 
Root on those at Cincinnati, Ohio, the two major metropolitan centers of the 
Ohio Basin. The concluding paper, by Mr. Wolman, is concerned with the 
medium through which comprehensive planning and adequate financing may 
be secured. The discussions of this Symposium will be no less important 


than the topic papers themselves, in presenting a balanced understanding of 
sanitation problems in the Ohio Basin. 


a 8 eee 
ee Prof. of Hydr. and San Eng., and Head, Dept. of Civ. Eng., Case School of Applied Science, Cleveland, 
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SURVEYS FOR STREAM POLLUTION CONTROL 
By HAROLD W. STREETER,? M. Am. Soc. C. E. 


SYNOPSIS 


The effective control of stream pollution, when viewed as an engineering 
problem, entails not only the design of sewage and industrial wastes treatment 
plants, but also the formulation of comprehensive plans for restoring and main- 
taining entire river systems in proper condition for various water uses, avoiding 
the wastefulness of over-correction in some areas and the ineffectiveness of 
under-correction in other areas. The base data for such plans are obtainable 
from field and laboratory surveys of a river and its tributary drainage area. 

Field surveys of this character will embrace all major sources of pollution; 
vital statistics of water-borne diseases in various parts of the water-shed; 
the extent and kind of water uses in different areas; hydrometric data for the 
river and its main tributaries; and information bearing on time intervals of 
flow in the river between various sources of pollution. Laboratory surveys 
will include data on the quality of stream waters at water intakes and below 
sources of pollution; on progressive changes in ‘‘oxygen balance” in more highly 
polluted river zones, and in special cases, on turbidity, alkalinity or acidity, 
hardness, and certain metals detrimental to the quality of the stream waters 
and their different uses. Biological data will embrace major groups of pollu- 
tional and non-pollutional organisms, both in the stream proper and in the 
bottom sediments, and likewise organisms detrimental to water supplies. 

Where pollution control is designed so as to utilize the natural purification 
capacity of a waterway, limiting conditions of pollution should be fixed tenta- 
tively for various water uses, as the basis of interpreting the laboratory findings. 
Examples of such criteria are given with respect to water supply sources, 
nuisance prevention, and maintenance of normal aquatic life in stream waters. 

Considering the Ohio River System as presenting a fairly representative 
large-scale problem of stream pollution control, a brief account is given of the 
various surveys of this river made during recent years and the main conclu- 
sions derived from them. To illustrate the application of laboratory survey 
data collected in this river, results are shown of an estimate of the relative 
responsibility of sewered population groups draining into various zones of the 
river for conditions of bacterial pollution at several water intakes. These 
results indicate that except in the winter, when the effects of natural purifica- 
tion are at a minimum, the major portion of sewage bacteria surviving in the 
river at each intake appears to be traceable to population groups draining 


2 Senior San. Engr., U. S. Public Health Service, Cincinnati, Ohio. 
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into the river, either directly or indirectly, within about 200 miles up stream 
from that point. In winter, the effect of more distant population groups is 
apparent. It also is shown that acid conditions in the Ohio River and its 
tributaries above Wheeling, W. Va., exercise a powerful repressive influence on 
bacterial pollution originating in this part of the river system. With the 
amelioration of the acid conditions resulting from mine-sealing and other cor- 
rective measures in progress, extensive treatment of the sewage from popula- 
tions now draining into this zone of the river will be necessary, in order to 
avoid serious overburdening of water purification plants with excessive bac- 
terial pollution originating in sewage. Study needs to be given to the degrees 
and methods of sewage and industrial wastes treatment best adapted to 
meeting water use requirements in different parts of this river system, and also 
to the probable effects of large volumes of treated effluents on the stream 
waters and their several uses. 


With the growth of public interest in stream pollution as a nation-wide 
problem, legislators and sanitarians have been impelled to extend their views 
of the subject far beyond local horizons. Until recently the sole objective of 
“stream cleaning’? was usually the removal of local ‘“‘sore spots.’”’ Little, if 
any, thought was given to more remote down-stream conditions, which were 
left to those concerned to deal with as best they could. However, it is now 
becoming more generally recognized that river pollution, like floods, is no 
respecter of local boundaries, and that if control measures are to be permanently 
effective they must comprehend entire drainage areas, or, at least, those 
portions of them in which sewage and industrial wastes impose a definite 
burden on streams. 

This general broadening of viewpoint with respect to stream pollution and 
its control has brought with it a marked change in the nature and complexity 
of the engineering problems to be solved, not so much as regards the actual 
treatment of wastes, as regards the formulation of workable plans for pollution 
control. Such plans must be designed to restore and maintain complete river 
systems in proper condition for various water uses, and must avoid, as far as 
possible, the wastefulness of over-correction in some areas and the ineffective- 
ness of under-correction in other areas. It is with this latter phase of the 
problem and more especially with the surveys and other studies essential to a 
well-planned system of river-pollution control that this paper is concerned. 

In a broad sense, a certain engineering analogy may be said to exist between 
a river system under effective pollution control and a well-planned structure, 
such as a bridge, which must be designed so that the maximum stress imposed 
on every individual member does not exceed its safe working strength. In 
such a river system, for example, the degree of pollution, both of the main 
stream and of the various tributaries, must be limited to a maximum consistent 
with the suitability of those streams for specified water uses, and in no case 
may it exceed their respective capacities for dilution and natural purification. 
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The limitation in pollution imposed by water use may be likened to the safe 
working load on a structure, and the limitation imposed by dilution and self- 
purification corresponds to the ultimate breaking load. A well-marked dis- 
tinction is to be noted, however, between ordinary structural design and stream- 
pollution control in that, in the first instance, the load is predetermined and the 
strength or capacity of the structural members can be adjusted to support 
such a load, whereas, in the second instance, the limiting strength of the struc- 
ture is predetermined (by the capacity for dilution and natural purification) 
and the load, or degree of pollution, must be adjusted accordingly. 

From the foregoing analogy, it is fairly evident that as it is necessary to 
make a thorough study of loadings and allowable stresses in designing an ordi- 
nary engineering structure, it is equally essential in planning stream-pollution 
control, to make a similarly careful and detailed study of the nature and extent 
of the pollution of a river system and also its capacity for dilution and natural 
purification. The basic data for such a study are usually obtained through 
field and laboratory surveys of the river and its drainage area, extending over a 
sufficiently long time to reveal the normal seasonal fluctuations in temperature, 
run-off, velocities, and time intervals of flow in the streams, and other seasonal 
variables. 

GENERAL Survey Meruops 

A survey of sources of pollution will include rural, urban, and sewered 
populations, and their trends of growth or change in different parts of the river 
system. It also will include waste-producing industries, listing them according 
to character, location, and the strength and volume of wastes produced in 
relation to amounts of manufactured products. All water intakes along the 
main stream and its major tributaries should be located. In the vicinity of 
the larger sewered communities, all the more important sewer outlets should 
also be located, and detailed information should be obtained in each case on the 
size of the contributing population, the volume and strength of the sewage, 
and the nature and extent of sewage treatment. Such a survey, which would 
entail visiting practically every sewered community on the water-shed, might 
well be supplemented by collecting available statistics on the prevalence of 
water-borne disease in each community (particularly typhoid fever and 
gastro-enteritis) and on the quality of the public and private water supplies. 
Drainage areas of the main stream and its various tributaries should be mapped 
and determined by careful planimeter measurements. These several items of 
data would fall under the ordinary field survey, to which the hydrometric and 
laboratory surveys would be supplementary. 

The main objective of the hydrometric survey is to obtain detailed infor- 
mation as to the amount of dilution water available at different points in the 
river system, and its variation from day to day, or week to week, throughout 
the period covered by the laboratory survey. Collection of these data involves 
the establishment of gaging stations in the main stream and on all important 
tributaries, the systematic collection of gage-height records, and a sufficient 
number of discharge measurements at each station to define accurate rating 
curves. Where data are available bearing on cross-sectional and surface 
areas of the main stream at different stages of flow, such data are of value in 
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estimating mean velocities and time intervals of flow at these various stages. 
Although usually less important, similar data for some of the major tributaries 
may be very useful in estimating periods of flow concentration for these tribu- 
tary drainage areas. Where such data are not obtainable, velocities and time 
intervals of flow may be estimated from float measurements or, in very small 
streams, through the use of strong dyes. 

The purpose of the laboratory survey is to show actual conditions of pollu-- 
tion, with their seasonal and other variations, in the main stream and major 
tributaries, having in mind maximum and minimum as well as average condi- 
tions at various times and the periods of duration of the several conditions 
observed. This survey should be designed to show the quality of water above 
and below main sources of pollution and dilution (tributaries) and also the 
extent of natural purification occurring in longer stretches of the river com- 
paratively free from the disturbing influence of pollution or dilution. Particu- 
lar attention should be given to the quality of water at water-supply intakes 
and at points in the immediate vicinity of major sources of pollution, where 
conditions are more likely to be unfavorable to recreational uses of the stream 
and where the demand for such uses is ordinarily more widespread. 

For purposes of sampling, fixed points in the stream at known range line 
intersections are preferable to random stations. In the wider stretches of 
channel, three points on each cross-section may be selected and river samples 
collected, ordinarily at mid-depth, after checking several times the variations 
in river-water composition as between surface, mid-depth, and bottom. Under 
usual circumstances, the quality of water in a stream varies more widely at a 
given time in a horizontal direction on a cross-section than it does vertically 
at any point in such a section, although where marked sludge deposits are 
present, exceptions to this rule may be noted. 

The number and character of laboratory determinations made in connection 
with a survey may vary widely with the size and complexity of the problem. 
However, for ordinary stream-pollution control, certain minimum requirements 
should be met. A detailed study should be made of the numbers of sewage 
bacteria (the coli-aerogenes group) and of their variations from day to day, or 
week to week, at different points in the main river and tributaries, particularly 
at sources of public water supplies and in the local areas affecting them. These 
data preferably should be supplemented by parallel observations of bacterial 
plate counts at the same points and in the same samples, in order to provide a 
check on the trends of the coli-aerogenes observations. The methods used in 
these and other laboratory determinations should follow the standard pro- 
cedures described by the American Public Health Association. 

In addition to the bacteriological tests, which are the most sensitive indices 
of significant changes in the degree of pollution of a river, systematic observa- 
tions should be made of the dissolved oxygen and bio-chemical oxygen demand 
(B.0.D.) of the stream water at every major sampling station, in order that 
progressive changes in the “oxygen balance” (that is, the relation of available 
oxygen to oxygen demand) may be measured. The oxygen balance serves as 
an index of the adequacy of dilution and natural purification to dispose of 
more immediate pollution and also as a record of the fitness of the stream for 
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normal aquatic life. The river water temperature should always be recorded 
at the time of collecting each dissolved oxygen sample, in order to provide a 
basis for estimating the degree of oxygen saturation, which varies with the 
temperature. The B.O.D. test as now made ordinarily is carried out by in- 
cubating sealed samples of the river water (undiluted, as far as possible) at a 
temperature of 20° C for 5 days, and measuring the loss of dissolved oxygen 
by the sample under these standardized conditions. Under some conditions, 
such as of heavy pollution or sludge deposits, B.O.D. determinations on identical 
samples, with incubation periods of 1, 5, 10, and 20 days, may be desirable 
occasionally in order to check the course of the oxidation curve through its 
first or carbonaceous stage. In other cases, notably where evidences of nitri- 
fication in the river are apparent, extension of the test period to 40 days may be 
desirable, in order to show the course of oxidation through both primary and 
secondary (nitrification) phases. 

The addition of other laboratory tests to the routine schedule of the survey 
will depend largely on circumstances and on the facilities available at field 
laboratories. As indices of advanced oxidation in a river, the determinations 
of nitrite and nitrate are essential, as they show the final state of the oxygen 
used up in the stabilization of nitrogeneous organic matter. Determinations 
of turbidity and alkalinity are useful in measuring, respectively, the effects of 
sedimentation and of dilution in the river, the latter mainly through tributaries. 

Certain other laboratory tests may be of value where special conditions or 
requirements are to be met. If the hardness or incrustant content of a river 
is an object of special interest, these determinations, together with those of 
calcium and magnesium, should be made regularly. Occasionally, the pres- 
ence or absence of phenols in rivers from which water supplies are taken may 
be an important consideration. Similarly, iron and manganese are frequently 
matters of concern. In the streams of New England and the Southeastern 
States, the presence of dissolved coloring matter is often significant. In some 
rivers of the Western States draining lead and copper mining regions, the 
search for quantitative evidence of these toxic metals may be a matter of 
predominating importance in a laboratory survey. In every particular case, 

due consideration must be given to the uses made of the river water and to 
the presence of undesirable substances in the water. This applies particularly 
to the presence of substances originating in certain industrial wastes. As 
indices of ordinary sewage pollution, the bacterial and oxygen balance de- 
terminations are of primary importance. 

The third main division of the laboratory survey is that which has to 
do with the biology of a river. In this connection it is not essential to stream- 

- pollution control that an extensive or detailed biological survey of a river system 
be undertaken, although it is highly desirable that a sufficiently thorough ex- 
amination be made of the supernatant stream and also of the bottom deposits 
to establish a clear record of the relative prevalence of pollutional and of non- 
 pollutional organisms in different river zones. As these biological forms are an 
essential link in the chain of natural purification and as they doubtless will 
undergo marked Changes in kind and relative numbers following the insti- 
tution of sewage and industrial waste treatment, it is particularly important 
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that these changes be recorded as a significant portion of the history of a river 
during and following the period of active stream sanitation measures. A 
fairly thorough biological survey before these measures are instituted and 
another after they have been completed will be well worth the time and ex- 
pense required. In some instances, it will be advisable to maintain a more or 
less continuous check on biological conditions in a stream below major sources 
of pollution during the progress of initial corrective measures, in order to 
reveal any marked changes occurring in the balance of aquatic life and, where 
water supplies are involved, to furnish evidence of any tendencies toward the 
development of filter-clogging or taste- and odor-producing organisms which 
may impose an additional burden on water purification systems. 


CRITERIA FOR, PERMISSIBLE LIMITS OF POLLUTION 


Although field and laboratory surveys will show the river zones in which 
conditions are either definitely satisfactory or otherwise for various water 
uses, they usually fail to reveal the limiting boundaries which lie between these 
two conditions; that is, in the rare instances in which these boundary condi- 
tions may prevail, the indications with respect to suitability or unsuitability 
for various water uses may be somewhat indefinite. If full utilization is to be 
made of the dilution and natural purification capacities of a given river system 
in undertaking a systematic program of stream pollution control, it is essential 
that some definite limiting criterion with respect to allowable density of pollu- 
tion be adopted, tentatively at least, in order to provide a guide-post for 
correctional measures. 

In general, the particular criterion, or set of criteria, adopted will depend 
on the more important uses made of a river in a particular zone, such as water 
supply, recreation, commercial fishing, industrial requirements, etc. In 
general, the suitability of a river as the source of public water supply is the 
predominant interest to be served. In many river zones from which water 
supplies are not ordinarily taken (as in the zones immediately below sewered 
communities), the rapidly growing pressure for enlarged recreational uses has 
brought to the forefront many problems of local sanitation affecting the use of 


streams for boating, fishing, camping, and even bathing. In relatively clean - 


rivers now devoted principally to recreational uses, the question of preventing 
future impairment for such uses is a vital one in many States, affecting not only 
the interests of riparian dwellers, but also those of an increasing number of 
people from all parts of the country, whose annual migrations to these water 
centers in quest of rest and change are rapidly assuming the proportions of a 
national movement. 

The results of an extensive study carried out by the United States Public 
Health Service in 1923-1927, led to the conclusion that where the sewage pollu- 
tion of sources of public water supplies does not exceed that which is repre- 
sented by a coli-aerogenes bacterial number of 5 000 per 100 cu cm as a rounded 
figure, purified water supplies conforming in quality to the primary require- 
ments of the Treasury Department drinking water standard should be consis- 
tently attainable with the aid of efficient modern water purification systems. 
This figure would provide a fairly simple criterion for limiting river or lake 


4q 
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pollution at intakes from which public water supplies are withdrawn. If taken 
as a yearly average, this figure would be scaled downward to some extent, 
depending on the character and variability of pollution at the particular water 
source considered, in order to ensure conformance of the purified water supply 
to both primary and secondary requirements of the Treasury Department 
B. coli standard. Thus, it has been noted by the writer in a previous paper,? 
that an annual average coli-aerogenes index of about 3 000 per 100 cu em would 
represent a safer upper limit of pollution for sources of water supply located 
along the Ohio River, and probably also along its major tributaries. 


TABLE 1.—Ye3Earty Averace B. coli NumBERS IN Raw WateRS oF OHIO 
River FiutRation Puants, 1926-1935. 
(From Filtration Plant Records) 


AvzERAGE B. coli InDEx PER 100 Cusic CENTIMETERS 


Place 

1926 | 1927 | 1928 | 1929 | 1930 | 1931 | 1932 | 1983 | 1934 | 19385 | Mean 
East Liverpool, Ohio....... 24 90015 500/13 300} 4 610/10 100]11 700/10 400} 1 840} 1 220] 8 750] 9 420 
Steubenville, Ohio. es: 6 230} 1640} 6 690| 2 820) 6 430 555) 1 860 338] 2 060] 1 370} 3000 
Wheeling, Ww. Va..........| —— | 2 330} 6 360] 3 250) 4730] 1570] 1 290 388 50 854| 2 080 
Marietta, Ohio............ 1160} 1080} 1880} 916/22 500] 999] 2 230] 3950] 1660} 1560] 3790 
Huntington, W. Va........ 446} 327) 128 72 32 33 63] 2430] 1310] 2170] 584 
Ashland, Ohio; . 2... 2. es 24 900/28 000)19 400/20 000/16 600/26 200/21 900/27 500/21 900}19 300/22 600 
ron ton OHIO 2.05, i0s.d eo p> 27 700|}20 900)18 500} 232] 6 740} 6 310/11 700/13 600} 8 860]12 300/12 700 
Portsmouth, Ohio......... 4 880} 5 310] 6160) 5420) 5100} 3 560] 2 360] 3400] 3 340] 3650} 4 320 
@incinnati, Ohio: ........+ 3720] 3990} 3380} 3010 411} 2040} 3710} 3 540} 4 120/13 600} 4 150 
MGOUIS WINE, EOYs... acjc ele sb 3 690} 3 860] 1970] 2090} 558] 1 220) 2 500) 3680] 1 350] 3 620) 2 450 


It is of interest to note in Table 1 the yearly average numbers of coli-aero- 
genes bacteria recorded during the 10-yr period, 1926-1935, in the raw water 
supplies of ten municipal filtration plants along the Ohio River.4 If judged 
by the aforementioned criterion, the raw waters at East Liverpool, Marietta, 
Ashland, Ironton, Portsmouth, and Cincinnati, in Ohio, are shown to be 
definitely over-polluted, and the water at Steubenville, Ohio, has reached ap- 
proximately the safe upper limit of average pollution. During the extreme 
drought year of 1930, conditions at all the cities named are shown to have been 
considerably aggravated, except at Cincinnati, where they were improved to a 
marked extent, owing to the effects of long storage and sedimentation in the 
relatively unpolluted and canalized 100-mile stretch of river above this point. 
Consistently, gross over-pollution is indicated at Ashland and Ironton, where 
the effects of heavy local pollution in zones immediately up stream are par- 
ticularly manifest. 

In setting the permissible limits of pollution in river zones from which 
public water supplies are not taken, the problem is largely one of fixing condi- 
tions satisfactory for maintaining freedom from local nuisance, supporting 
normal aquatic life, and, in some instances, keeping certain areas fit for bathing 
and camping purposes. For prevention of local nuisances, it is primarily 
desirable to eliminate organic sludge deposits, whether they originate in sewage 


3‘Limiting Standards of Bacterial Quality for Sources of Purified Water Supplies,’ by Harold W. 
Streeter, Journal, Am. Water Works Assoc., Vol. 27, September, 1935, pp. 1110-1119. j , 

4 For convenient access to these data, the writer is indebted to H. R. Crohurst, Senior Sanitary Engineer 
of the U. 8. Public Health Service. 


A 


12 STREAM POLLUTION ; Papers 


or in certain kinds of industrial wastes. It also is necessary to maintain 
dissolved oxygen in the stream proper at all times, to prevent septic action 
with ensuing odors. In order to support normal aquatic life, which has a 
vital function in maintaining natural purification and in the general fitness of 
waters for recreational uses, a minimum oxygen content sufficient to’ support 
respiration in the higher aquatic animals, notably fish, is necessary. Some 
authorities recommend an oxygen minimum ranging from 2.5 to 5 ppm, with 
the additional requirement that the reserve oxygen supply present in a stream 
should always exceed the bio-chemical oxygen demand. A fair average for 
this dissolved oxygen minimum, under present general requirements, appears 
to be about 4 ppm. Organic sludge deposits should be eliminated not only 
because they interfere with the normal spawning process of fish, but also be- 
cause these deposits impose a heavy oxygen demand on the overlying stream. 
As the prevention of nuisance and the maintenance of normal aquatic life 
in streams are closely inter-related, it would appear reasonable to assume that 
a single requirement sufficient to meet both conditions should be imposed in 
all river zones where the provision of recreational facilities for the general 
public and the preservation of other ‘‘amenities,”’ such as the use of adjoining 
shore areas for residential purposes, may be involved. With the exception 
of bathing, which would require a relatively high bacterial standard of water 
quality, the simple requirement that the dissolved oxygen content should 
never be less than the oxygen demand, nor less than a minimum of about 
4 ppm, should be sufficient to maintain favorable conditions, with the added 
proviso that all organic sludge deposits should be eliminated from the stream 
channel. It also may be noted in this connection that-a stream conforming 
in all zones to a reasonable requirement for protection of sources of water sup- 
plies, such as that stated previously in this paper, would be brought more or 
less automatically within a favorable oxygen balance requirement such as the 
one just suggested. Neither of these two requirements would be adequately 
rigid, however, to meet even the more lenient of the various bathing water 
standards now being followed in different parts of the United States. It is, 
indeed, a debatable question as to whether under present circumstances the 
greatly added expense of restoring a highly polluted river to a condition safe 
for bathing throughout its entire course would be economically justified, al- 
though the institution of general corrective measures designed to protect 
sources of public water supply probably would result in the reclamation for 
these purposes of some areas remote from immediate sources of pollution. 

- From the foregoing discussion it thus appears that, in general, limiting 
pollution requirements may be fairly simple, consisting of the following: (1) 
Fixing maximum permissible numbers of coli-aerogenes bacteria in stream 
waters at public water supply intakes; (2) setting minimum oxygen and oxygen 
balance criteria in local areas below sources of pollution; and (3) working 
eens ede oe pees arate of all sludge deposits originating in sewage 
ee = ey : ee a on : addition to these requirements, there 
ee mee * oe rat ica le only in certain cases, such as the 

¢y highly acid or alkaline, and taste- and odor-producing 
substances, not ordinarily removable by water purification processes. Inthe 
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Ohio River, acid wastes from mines and steel mills and phenolic wastes from 
by-product coke plants have presented major problems in this respect, al- 
though systematic efforts are being made to eliminate these sources of pollution, 
through mine-sealing operations and the diversion of steel and coke wastes at 
individual plants. 

; SURVEYS OF THE OHIO RIVER 

Owing to the size and importance of the Ohio River System and to the fact 
that it constitutes both a drainage channel and a source of public water supply 
for a large population, this river and its main tributaries have long been 
considered as presenting one of the most complex and difficult problems of 
stream pollution control in the entire country. Recognizing this fact, the 
U.S. Public Health Service, under authority of an Act of Congress passed in 
1912, conducted in the years 1914-1916 a survey of pollution along the Ohio 
constituting probably the most detailed and comprehensive study of its kind 
ever undertaken, either in the United States or abroad. In connection with 
this investigation, a thorough hydrometric and laboratory survey was made at 
a series of sampling stations covering nearly the entire course of the river 
from Pittsburgh, Pa., to its mouth. During the summers of 1914 and 1915, a 
detailed sanitary survey was made of every incorporated community of more 
than 8 000 population in the entire water-shed. 

The results of this survey, which were published in three reports,® revealed 
the main sources of pollution of the river, including both sewage and industrial 
wastes, the normal ranges of flow in the main stream and major tributaries, 
and certain definite zones of retrogression and of recovery in the density of 
pollution of the river. Zones of retrogression included the densely populated 
Pittsburgh-Wheeling Section, and stretches immediately below Cincinnati and 
Louisville. Zones of recovery, owing to dilution and natural purification, 
occur below Wheeling and in the long and relatively unpolluted stretches ex- 
tending from Portsmouth to Cincinnati, from Cincinnati to Louisville, and 
from Louisville to the mouth of the river. The effects of acid pollution, de- 
rived from coal-mine and acid-iron wastes, were clearly apparent in the Pitts- 
burgh-Wheeling Section, in stimulating precipitation of suspended material 
in the river and in exerting a well-marked bactericidal effect on sewage and 
‘other wastes discharged in that section. 

A later survey of municipal water purification systems along the Ohio 
River, which was carried out by the Public Health Service in 1923 and 1924, 
indicated that the most highly polluted zone of the river from which public 
water supplies are taken extends from a point below Huntington to one just 
above Portsmouth, a distance of about 35 miles, in which the effects of sewage 
from Huntington are augmented by those of the combined wastes of Ashland 
and Ironton. Next in importance from this standpoint was the zone extending 
from below the mouth of the Beaver River, about 25 miles below Pittsburgh, to 
Steubenville, 35 miles farther down stream. In this section are the water 
intakes of East Liverpool and Steubenville, where increasing difficulties in 
producing satisfactory purified water supplies have been experienced during 
recent years. 

5 Public Health Bulletins Nos. 131, 143, and 146, U. 8. Public Health Service, Washington, D. Cc. 
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In general, this water purification survey’ indicated that: (1) Water filtra- 
tion plants in the Huntington-Portsmouth Zone are clearly over-burdened by 
sewage pollution; (2) the plants at East Liverpool and Steubenville are likewise 
over-burdened during considerable periods and also have difficulty at all times 
in producing palatable effluents; and (3) those at Cincinnati and Louisville, 
although not seriously over-burdened, are in a marginal zone between safety 
and danger in this respect. Without the aid of effective and continuous chlori- 
nation, no water filtration plant located on the Ohio River, or on a large number 
of its major tributaries, would be able, under present conditions of pollution, 
to produce effluents safe for human consumption or domestic use. 

In the 15-yr interval between 1915 and 1930, the completion of Government 
dams in the Ohio River brought that river to a state of full canalization during 
periods of low water. In order to ascertain the effects of this canalization, 
and of the natural increase in tributary population, on the state of pollution of 
the river, a re-survey of its mid-section (from above Cincinnati to below 
Louisville) was carried out in 1930-1931 by the Public Health Service.’ This 
survey showed that with full canalization in effect during summer periods of 
low water, conditions at water intakes located in or immediately below long 
and unpolluted stretches of the river were improved, but that during periods of 
freshets, when accumulated deposits of sludge are flushed out of the channel, 
conditions were markedly worse than would have been expected under con- 
tinuous open-channel flow. In river stretches extending below large centers of 
pollution, the main effect of canalization during low-water periods appeared to 
have been to move the critical zone of pollution-density up stream toward 
these centers, with a corresponding temporary improvement in conditions 
farther down stream. 

In addition to the foregoing studies, several more localized pollution surveys 
confined to limited areas have been made in the Upper Ohio River, including a 
survey of the Weirton-Wheeling Section by the West Virginia Department of 
Health, in July and August, 1932; a survey of the Ohio, Allegheny, and Monon- 
gahela Rivers in and near the Pittsburgh District, by the Pennsylvania De- 
partment of Health (September, 1932, to February, 1933); and a more recent 


> 


study in the Pittsburgh District, in 1935, known as the Metropolitan Main 


Drainage Survey. 

As a basis of stream-pollution control, the data now available on the main 
river probably need extension in a few respects, and more detailed information 
is required on conditions in some of the more highly polluted tributaries, notably 
those draining into the upper section of the Ohio River above Cincinnati. In 
general, the following supplementary data would appear to be desirable: 


(1) Revised estimates of total, urban, and sewered populations in various 
sub-divisions of the water-shed, brought up to date from the 1930 Census. 

(2) Complete data on industrial wastes and on the present extent of sewage 
and industrial waste treatment. 

(3) Revised information on present velocities and time intervals of flow in 
the river under low-water conditions with full canalization in effect. 


6 Public Health Bulletin No. 172, U.S. Public Health Service, Washington, D. C. 
7 Loc. cit., No. 204, U. S. Public Health Service, 1933. 
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(4) Extension of local main drainage surveys along lines similar to those of 
the recent Pittsburgh survey. 

(5) A complete survey of water surface areas and rates of atmospheric 
re-aeration in zones of the river below major sources of pollution and, more 
generally, in sections of the river in which the maintenance of a favorable 
oxygen balance is an important objective. 

(6) A survey of the location, extent, and nature of organic sludge deposits 
in the river, particularly during periods of canalization. 


The practical significance of Items (5) and (6) has been emphasized by the 
results of studies* made by the Public Health Service at its stream pollution 
research station at Cincinnati. It has been found that in stream waters pol- 
luted by sewage, or by underlying deposits of sewage sludge, the surface rate of 
atmospheric re-aeration (which is the most important limiting factor in de- 
termining the speed of natural purification) may be retarded measurably with 
sewage concentrations as low as 2 to 5%, which is within the range of local 
pollution density in many streams, including certain sections of the Ohio 
River. With higher concentrations of sewage (up to 25%), this retardation 
may reach 60% or more of the normal re-aeration rate. It also has been as- 
certained from the study that this retarding effect tends to be diminished by 
natural purification and also by artificial oxidation processes of sewage treat- 
ment, although it apparently is unmodified by simple chlorination. It has 
also been observed that the rate of oxidation of sewage sludge deposits under 
stream-flow conditions tends to be considerably lower than the corresponding 
rate for sewage matters in free suspension and solution. 

The practical inference to be drawn from these results is that sewage 
pollution imposes a double burden on streams, by increasing the oxygen demand 
-and retarding natural oxygen recovery; and that it is necessary to take into 
account both these elements in estimating the benefits to be attained by ’sewage 
and industrial-waste treatment in a particular river zone. The studies also 
point to the importance of sludge deposits as a burden on polluted streams and 
to the necessity of locating and eliminating these deposits at their sources, 
if a given stream is to be restored to a healthy condition. 


APPLICATION OF SuRVEY Data 


The applications made of survey data in formulating practical measures 
of stream-pollution control are so numerous and varied that any comprehensive 
discussion of them would extend beyond the limited scope of this paper. For 
the present purpose, a single example will serve to illustrate how such data may 
be utilized in studying a specific problem. 

One of the important problems connected with the pollution of a large river 
system in which adequate protection must be given primarily to sources of 
public water supply, is the relative effects which various population groups 
discharging sewage into the river, either directly or indirectly, may have on 
pollution at down-stream points, notably those at which public water supplies 
are taken. In a river of the size and length of the Ohio, dilution and natural 
purification are dominant factors in the situation, although in this particular 


8 Publication pending in Sewage Works Journal. 
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river’ the effect of acidity, chiefly from mine wastes, on conditions both in the 
upper river and at points down stream, is an important element to be considered. 

From the B. coli data given in Table 1, it is apparent that the density of 
bacterial pollution of the Ohio varies widely at different water intakes and that 
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Fie. 1.— 
G. 1.—PzRcENTAGE ConTRIBUTION oF Up-STREAM Porvunation Groups To BAcTERIAL POLLUTION AT 
Four Warer-Suppiy INTAKES ON THE OHIO RIvER 


all the factors previously noted exert their influence. The data reveal little 
except by inference, as to the relative responsibility of various sources of 
pollution for the conditions observed. 

In a paper given before the Society in 1927,9 a method was described for 
determining the extent of such relative responsibility by “stepping down’ the 


® “Sewage-Polluted Surface Waters as a So f W) ut 
ee woe of the Society, ‘Asheville, No C., yes SLASH Vee es Sig es * 
c Hea eports, June 15, 1928, pp. 1498-1522; Reprint No. 1232, U. S. Public Health Barca se 
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polluting effect of population groups located in successive river zones above a 
certain point in accordance with the observed mean time of flow from each 
zone to that point, and assuming that the reduction in the effect of each group 
would be measured along a time curve (varying with season and temperature) 
showing the rate of bacterial decrease in the river below sources of pollution. 
Curves of this kind were derived from extensive observations made by the 
U. 8. Public Health Service in its 1914-1916 survey of the Ohio River, and 
were included in the paper mentioned.» By summing up the “‘stepped-down” 
population equivalents for all the river zones above a given point, a total 
equivalent population figure is obtained representing the population which, 
if it discharged sewage immediately above the point, would produce the same 
pollution effect as the actual population distributed in the various successive 
zones. 

In the present instance, a study has been made of the relative effects of 
sewered population groups draining into the river in successive 100-mile zones 
above the intakes at Wheeling, Portsmouth, Cincinnati, and Louisville. In 
Fig. 1 are shown the estimated actual sewered populations (as of 1930) in 
successive zones above each intake, expressed as percentages of the total 
sewered population above the intake. Directly beneath them are shown, for 
average winter and summer conditions, the relative effects of these population 
groups at each intake, expressed as percentages of the total ‘‘stepped-down”’ 
population-equivalent originating in the successive zones. 

It will be noted that at Wheeling, a large proportion of the bacterial pollu- 
tion is indicated as being due to the effect of the sewered population, aggregat- 
ing about one-half the total above this point, draining into the first 100-mile 
zone up stream. Within this zone is included the population of the Pittsburgh 
District and the dense population draining into the Lower Beaver River. 
Passing down stream, the effect of this large population group is apparent at 
Portsmouth (300 to 400 miles above), at Cincinnati (400 to 500 miles), and at 
Louisville (500 to 700 miles), although in progressively diminishing proportion. 
At these three lower intakes, however, the predominant factor in the pollution 
of the river is shown to be the sewered population located within a river distance 
of about 200 miles up stream. Above Portsmouth and Cincinnati, the actual 
sizes of these groups are relatively small in comparison to those of the total 
populations draining above these points, being only 6.3% of the total at Ports- 
mouth, and 12.2% at Cincinnati. Above Louisville, however, the effect of the 
Cincinnati District, located in the 100 to 200-mile zone up stream, is clearly 
apparent in the percentage of the total actual population in this zone (21.9%) 
and in its very large relative effect (60.5% of the total in winter and 70.0% in 
summer). 

In order to obtain a rough idea as to the extent to which acid conditions 
in the Upper Ohio River above Wheeling might tend to modify the relative 
pollutional effects shown in Fig. 1, the same calculations were repeated, assum- 
ing reduction factors for all sewered population groups draining into the river 
above Wheeling. The factors assumed were based on the comparative results 
of measurements made by the Public Health Service at Pittsburgh and Wheeling 
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in 1914, and at Cincinnati, Louisville, Peoria, Ill., and Chicago, IIl., in 1914— 
1916 and 1921-1922.1° These measurements showed that because of acid 
conditions in the river, the measured effect of sewage from Pittsburgh and 
Wheeling on the B. coli content of the river was much less in proportion to 
contributing population than at the other cities noted, which were not thus 
affected and were considered as normal in this respect. The per capita con- 
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tribution of sewage bacteria to the river in zones above Wheeling averaged 
25.6% of the normal under winter conditions and 0.9% under summer condi- 
tions, these percentages being the actual ratios of the measured contribution at 
Pittsburgh to the mean of those observed at Cincinnati, Louisville, Peoria 
and Chicago. In Fig. 2 are shown the results of this recalculation in citi pies 
son with those first illustrated in Fig. 1. 

Although the actual density of pollution in the river in terms of equivalent 
sewage-contributing population, was considerably lower when allowance was 
made for the influence of acidity above Wheeling, the relative effects of the 
several population groups were not modified to any large extent, except for 


i BES CS AS BE BES TE ee 
10 Public Health Bulletin No. 143; also, Transactions, Am. Soc. C. E., Vol. 89 (1926), pp. 1366-1370 
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a measurable reduction in the effect of the Pittsburgh-Wheeling Zone popula- 
tion group at Portsmouth, Cincinnati, and Louisville, as indicated in Fig. 2 
by the smaller percentage of the total pollution originating in the 300 to 400- 
mile zone above Portsmouth, the 400 to 500-mile zone above Cincinnati, and 
the 500 to 700-mile zone above Louisville. 

In order to show quantitatively the estimated reductions in the total 
pollutional effects of the sewered populations draining into the river above the 
four intakes, Table 2 has been prepared, giving these totals for three assumed 
seasonal and flow conditions, both uncorrected and corrected for the influence 
of acid wastes above Wheeling. 


TABLE 2.—Estimatep Toray SEWERED PopuLATIONS IN 1930 ABove Four 
Oxo River INTAKES AND THEIR CALCULATED EQUIVALENTS AT 
Kacu Intake, ALLOWING ror NatTurRAL PuriricaTION 
Up STREAM. 


(Uncorrected and corrected for effects of acid wastes above Wheeling, W. Va.) 


REsIDUAL PopULATION-EQUIVALENT AT INTAKE 


ee Wngorresved for Acid Conrecses for Acid 
Intake above intake oes astes 
(estimated 
for 1930) 
; Summer} Summer Summer} Summer 
Winter (high (low Winter (high (low 
stages) | stages) stages) | stages) 
WEIN Wi VEsc cas wicle «5.024 | 2186 500 569 150 | 391 280 | 167 080 | 155 800 3 680 1 465 
Portsmouth, Ohio............ 2 846 500 150 790 | 34960} 18630] 86680] 31700 | 16 480 
Cincinnati, Obiogniare csi. ete 3 152 400 148 850 36 010 12 040 } 102 320 | 33 430 10 700 
Gouisyille; Ky... sek... dee? 3 814 900 178 820 | 19 200 6 420 | 145670 | 17 640 5 370 


As would be expected, the most marked effect of the acid wastes is shown 
at Wheeling under summer low-stage conditions, although it is also apparent 
at all four intakes under winter conditions. The enormous decrease in the 
total sewered population-equivalent at Wheeling resulting from the correction 
for acid effect indicates the large extent to which the discharge of acid wastes 
above this point reduces the bacterial pollution of the river originating in 
sewage discharged at Pittsburgh and other points up stream. Under summer 
conditions the effect of acidity in the upper river would appear, from the com- 
parative values, to exert relatively little influence on bacterial pollution of the 
river at Portsmouth and below this point. Under winter conditions, some effect 
is apparent, although of relatively small magnitude. 

In Table 3 the population equivalents given in Table 2 have been con- 
verted to their corresponding numbers of B. coli in the river, using average 
volumes of flow obtained from the 1914-1916 survey by the Public Health 
Service and assuming per capita contributions of B. coli as derived by Mr. J. K. 
Hoskins," from observations made by the Public Health Service at the cities 
previously enumerated. For comparison with these computed values are given 
the winter and summer average numbers of B. coli observed at each intake 
during the years 1926-1929, inclusive, when river conditions were more stabi- 


11 Transactions, Am. Soc. C. E., Vol. 89 (1926), p. 1367. 
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lized than during the drought years beginning with 1930. With a few excep- 
tions, the calculated B. coli densities in the river are shown to be of about the 
same order of magnitude as those actually observed although somewhat higher, 
on the average, than the latter, possibly because the calculation has been 
based on average flow conditions prevailing before the river was fully canalized. 


TABLE 3.—CatcuLatep NumsBers oF B. coli In On1o RiveR WATER AT 
Four Inraxss, BAsED ON PopuLATION EQUIVALENTS IN TABLE 2, Com- 
PARED WITH SUMMER AND WINTER AVERAGE NUMBERS OBSERVED 
DurRING THE YEARS 1926-1929. 


CaucuLATeD B. coli INDEX PER 
100 Cunic CENTIMETERS OBSERVED 


B. coli INDEX 
- AVERAGE, 
Uncorrected for Acid Corrected for Acid 1926-1929 
Prrake Wastes Wastes 
Summer] Summer Summer| Summer enone rey orem 
Winter] (high (low | Winter} (high (low bors AONdeeos 
stages) | stages) stages) | stages) March) Bee 
Wheeling, W. Va........... 49 900 | 238 000 | 400 000 | 13 700 | 2 240 3 760 2 960 4470 
Portsmouth, Ohio........... 6 380} 10300} 19400] 3680] 9350 17 200 5 630 5 580 
Cincinnati, Ohio............ 5 710 9580} 10800] 4220] 8900 9 700 3 130 4 040 
3 200 3710 2180 3 150 


Douisvilley Keys... este ste’ 5 260 | 4 440 3480] 4290 


Making due allowance for this and other possible sources of error, the 
quantitative relationships shown in Tables 2 and 3 and Figs. 1 and 2 appear to 
be fairly representative of those which can be expected under present conditions 
of flow and distribution of the sewered population along the Ohio River proper 
and its main tributaries. Among their more striking indications are the 
following: 


(1) Under both summer and winter conditions of temperature and flow, a 
large proportion of the total bacterial pollution of the river at the various 
water intakes probably originates in wastes discharged within about 200 river- 
miles above these intakes. 

(2) Pollution originating at more distant points up stream is a considerably 
larger factor in the condition of the river at these intakes during the winter 
than in summer, although it appears to be outweighed at all times by pollution 
from more immediate sources. 

(3) Acid wastes in the upper river do not appear to exert much influence on 
the bacterial condition of the river at Portsmouth or farther down stream, 
but are a powerful factor within and immediately below the Pittsburgh-Wheel- 
ing Zone. In that region, in the absence of sewage treatment, the present 
acid condition of the river undoubtedly has prevented excessive bacterial 


pollution of raw-water supplies and a consequent intolerable over-burdening of 
water purification systems. 


From these indications it might be inferred that efforts to reduce over- 
pollution of the river at various water intakes, or to prevent such over-pollution 


~S 
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where it does not now exist, would logically be aimed primarily at sources of 
wastes discharged within about 200 river-miles above these points and, second- 
arily, at more important sources, such as the Pittsburgh-Wheeling District, 
farther up stream. The present benefit received from the presence of acid 
wastes in the upper river, although it appears to be confined largely to that 
section of the river and points immediately below it, is of such magnitude that 
the removal of these wastes, or their substantial reduction, doubtless will bring 
about a serious over-burdening of water purification plants both in this upper 
section and possibly at some points below Wheeling, unless provision is made 
for extensive treatment of sewage, now discharged into the river, both directly 
and indirectly, at points above Wheeling. 

The space limitations of this paper do not permit a similar analysis of 
survey data on oxygen balance requirements, although it may be pointed out 
that such an analysis probably would be somewhat more localized in its char- 
acter and would deal more especially with summer low-water conditions in 
river stretches extending within and immediately below major zones of pollu- 
tion. Although a considerable amount of basic data for such an analysis is 
available from the two surveys made by the Public Health Service in 1914-1916 
and 1930-1931, and from more recent local surveys, these data probably need 
considerable extension along the lines previously indicated. 

In conclusion, it may be desirable to add that before any final program of 


“corrective measures in the Ohio River Basin is undertaken, thorough study 


.should be given to the question of adapting degrees and methods of sewage and 


industrial waste treatment to the various requirements to be met in relieving 


-over-pollution of the river in different zones. These methods, in so far as 


sewage is concerned, may range from sedimentation and simple chlorination to 
complete biological oxidation, with chemical treatment possibly falling into an 
intermediate position. Consideration also needs to be given to the possible 
effects of various kinds of treated effluents on the river below their points of 
discharge, particularly in pooled sections under summer conditions. These 
and a few other similar questions are of general significance and fall more 
especially in the field of research, which in the long run must keep pace with 
that of the sanitary survey, as the two are virtually inseparable in meeting 
engineering problems of stream-pollution control. 


22 STREAM POLLUTION Papers 


LOW-FLOW REGULATION BY 
PYMATUNING RESERVOIR 


By CHARLES E. RYDER,?? Esq. 


SYNOPSIS 


Pymatuning Reservoir, with a capacity of 8 365.000 000 cu ft, has been 
built in Northwestern Pennsylvania at a cost of approximately $3 700 000 for 
the primary purpose of regulating the flow of the Shenango and Beaver Rivers. 
A part of the project area is used as a Game Refuge, and there are oppor- 
tunities for hunting, fishing, and other forms of recreation. These uses require 
careful evaluation of conflicting interests to determine how the project may be 
operated to serve best the needs of the region. Industries in the valley below 
require large quantities of water, especially for cooling purposes. The load on 
water-works filtration plants had been gradually increasing, and the State 
Department of Health was insisting upon the installation of sewage treatment 
plants to provide for the removal of settleable solids, oxidation, and chemical 
disinfection. Since the adoption of the reservoir plans, this high degree of 
treatment has not been required. Recreation interests demand that the 
’ reservoir be maintained at the highest possible elevation. Releases were 
made during the filling of the reservoir sufficient to satisfy the minimum in- 
dustrial requirements. Since filling, tests under varying conditions of reservoir 
releases have been, and will continue to be, made at sampling stations estab- 
lished at a number of locations in the Beaver and Shenango Basins. The tests 
apparently show that the requirements for sanitation and public water supplies 
will be the criterion for releases, and a tentative operating schedule was adopted ~ 
and used in 1937. Provision is made for flood regulation by the installation of 
flash-boards in the main spillway, and by maintaining the reservoir level below 
spillway elevation during the winter months. The reservoir was of material 
assistance in reducing flood heights during the floods of 1936 and 1937. 


Pymatuning Reservoir (Fig. 3) is in the Beaver River Basin, at the head- 
waters of the Shenango River, in Crawford County, Pennsylvania, about 40 
miles south of Lake Erie, 90 miles north of Pittsburgh, Pa., and 60 miles east 
of Cleveland, Ohio. When full, the reservoir covers an area of 26.5 sq miles, 
of which the greater part is the region formerly known as Pymatuning Swamp. 
It is 18 miles long, has a shore line of 70 miles, a maximum width of 2.2 miles, 
‘and an average width of about 1.5 miles. The maximum depth of water is 
about 35 ft and the capacity is 8 365 000 000 cu ft at the spillway elevation, 
1 008 ft above mean tide at Sandy Hook, N. J. 


12 Chf. Engr., Pennsylvania State Dept. of Forests and Waters, Harrisburg, Pa. 
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Fig. 3.—PyMatTuniIna RESERVOIR AND PARTS OF SHENANGO AND BrAvER RIVER VALLEYS 


24 STREAM POLLUTION Papers 


History OF THE PROJECT 


The completion of the dam in 1934 culminated a long period of interest in 
Pymatuning Swamp. In 1868 the General Assembly of Pennsylvania ordered 
a detailed study of the practicability and expense of draining the area and 
reclaiming land for agricultural purposes. A survey was made and a favorable 
report submitted, but nothing further was done at that time. In 1907 the 
Pennsylvania State Highway Department was authorized to make a survey and 
study for draining the swamp and improving the highways. The resulting 
plans were submitted to the Water Supply Commission of Pennsylvania for 
approval, and hearings were held at which objections were raised on the ground 
that the swamp was a valuable water-storage area which helped to maintain 
the dry-weather flow of the Shenango and Beaver Rivers. The hearings 
quickened public interest in a proposal to. convert the swamp into an artificial 
storage reservoir for increasing the dry-weather flow of these rivers, and the 
Commission finally refused to approve plans for draining the swamp. The 
Legislature in 1911 passed an Act appropriating $10 000 to the Water Supply 
Commission, directing it to examine the feasibility of a reservoir project. The 
Commission reported to the Legislature of 1913 that the construction of a 
storage reservoir was feasible, and that such a project would result in accrued 
benefits to the State at large, as well as to the communities along the stream. 
The estimated cost, including the dam and spillway, highway and railroad 
changes, purchase of land and buildings, clearing the reservoir site, and im- 
proving the shores, was $1 556 402. 

Following this report, the Legislature in 1913 passed the ““Pymatuning Dam 
Act,”’ which directed the Water Supply Commission to erect a dam at the 
outlet of Pymatuning Swamp for the purpose of establishing a reservoir to 
conserve the water entering the swamp and to regulate the flow in the Shenango 
and Beaver Rivers. This Act carried an appropriation of $100 000. During 
subsequent sessions of the Legislature, various laws relating to the project 
were enacted, most of them carrying appropriations in varying amounts but 
frequently containing provisions which made it impossible to use the money. 
The first land purchases were made in 1921, but actual construction work was 
not started until 1931, when the Legislature appropriated $1 500 000 for the 
construction of the Pymatuning Dam and Spillway. 

There were three major construction items, each let under separate contract; 
(1) The dam and spillway; (2) an embankment. to carry a highway across the 
middle of the lake; and (3) an embankment to carry the Pennsylvania Railroad 
and a highway across the lake near its upperend. This latter embankment was 
built to form a secondary dam, thereby creating an upper lake, 2 500 acres in 
extent, which is maintained at an approximately constant elevation of 1010 ft 
above sea level, or 2 ft higher than the spillway of the maindam. This water 
area and’the adjoining State-owned land have been set aside as a wild life 
sanctuary 3 670 acres in extent. 

An area of more than 20 000 acres of land was purchased in Pennsylvania 
for the project, and more than 5000 acres in Ohio—the latter by private 
Interests, principally steel companies of the Shenango Valley. About one- 
fourth of the lake extends into the State of Ohio. 
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Cost or ProsgEct 


The total cost of the project, as completed in 1934, was $3 717 739. In 
addition to the various State appropriations, $170 000 was advanced from 
Federal Reconstruction Finance Funds for use as a part of the clearing allot- 
ment which was completed with relief labor, and $415 000 was raised by the 
Pymatuning Land Company for the acquisition of Ohio lands. 

Appropriations and donations were expended under the following general 
sub-divisions: 


surveysor feasibility of project.......<....-.-......- $ 10000 
Surveys, engineering investigations, and land appraisals. . 90 859 
MemeancQ ston ani. gee Vacs he Chk wed ee eee 1 101 756 
Clearing Reservoir Site: 
State appropriations. wy c.ocs san cede ks $618 201 
Federal Reconstruction Finance Funds.... 170000 788 201 
GSS hE ERECT ORGT RGSS cit eR a UE ea en een 368 139 
Construction of highway across reservoir............... 419 547 
Relocation of railroad and highway................... 304 899 
Relocation of State Highway Route No. 206........... 27 060 
ecoustruction of Blair Koadh) 295 20.28 te, owed 1 894 
Relocation of telephone lines...........05............. 3 445 
Reforestation of land around lake..................... 5 745 
Construction of measuring weirs on Sugar Creek and 
Pre AIG OL IINGH. pret tiretee 4? oe rte oN Soke ne ees 3 799 
Improvements to buildings and grounds............... 6 538 
Administration, supervision, and incidental expenses... . 170 857 
Acquisition of Ohio lands by Pymatuning Land Company 415 000 
PISO UA mee RR Se ere Pencil tie sacs ty cu Siel es okches soo $3 717 739 


PRESENT STATUS 


On December 5, 1933, the gates were closed in the upper dam and on. 
January 23, 1934, the four regulating gates were closed in the maindam. The 
upper basin, with a storage of 448 000 000 cu ft at Elevation 1010, was filled 
and overflowing on March 4, 1934. 

The main regulating gates in the lower dam were operated to some extent 
during the summer months of 1934, 1935, and 1936. During 1937 the reservoir 
has been operated to regulate floods and to increase low-water flows in accord- 
ance with a tentative schedule. The quantities of water released during 1934 
and 1935, while the reservoir was filling, were based upon the actual quantities 
necessary for the operation of the industrial plants at Sharon, Pa., then oper- 
ating at less than full capacity, and were much below the amounts which will 
be required to insure the minimum flow necessary in normal times for water 
supply and for sanitation purposes. 

By March 24, 1936, the water reached the spillway level for the first time, 
and seven days later the lake attained its maximum stage at Elevation 1 008.81, 
due to rapid run-off from rains and melting snow. On March 28, 1936, the 
gates were opened to release the flood waters and to provide additional flood- 
storage capacity. They were closed again from May 13 to May 25, since 
which date they have been operated continuously until November 2 for the 
purpose of increasing the flow in the Shenango and Beaver Rivers. In the 
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early part of 1937, the reservoir was operated to control floods, and from June 
to November to maintain a low-water flow of at least 200 cu ft per sec at 
Sharon, in accordance with a schedule of operations tentatively adopted. 


PURPOSE OF THE PYMATUNING RESERVOIR 


The primary purpose of the reservoir, as stated in the original Pymatuning 
Act of July 25, 1913, and in later amendments, is to conserve the water entering 
the Pymatuning Swamp, and regulate the flow therefrom so as to maintain, 
throughout the year, as regular a flow of water as possible in the Shenango and 
Beaver Rivers. It was further specified that the reservoir, and the land sur- 
rounding it acquired by the Commonwealth, might be developed and used for 
fishing, hunting, game refuge, recreation, park, or other purposes; provided that 
such uses would not, in the opinion of the Water and Power Resources Board, 
materially interfere with the primary purpose. 

The Water and Power Resources Board was vested with complete and final 
authority concerning the use and development of the land and water comprised 
within the project boundaries, and the maintenance and operation of the 
project. Later, it was provided that the Department of Forests and Waters, 
with the approval of the Water and Power Resources Board, might enter into 
agreements with other departments, boards, or commissions of the Common- 
wealth of Pennsylvania and the State of Ohio relative to the use of the reservoir 
and surrounding lands for fishing, hunting, game refuges, and other purposes. 

It is clear that the mandate of the Legislature with respect to the operation 
of the reservoir was to store and conserve flood waters during the winter and 
spring months, and at other times when the natural flow was in excess of the 
needs in the Shenango and Beaver Valleys, so that such stored waters could 
be released to make the flow as uniform as possible during the summer and 
fall months, and at other times of deficient flow from the tributary drainage 
area. In other words, the Pymatuning Reservoir must be operated so as 
best to meet the needs of the valley below it for public water supply, sanitation, 
industrial water supply, navigation, water power, recreation, and esthetic 
purposes. In addition to such low-water control, it is equally certain that the 
Act provides for the regulation of the flow from the standpoint of the reduction 
of floods in the valley below the dam. 

The Water and Power Resources Board must accordingly evaluate con- 
flicting interests and determine how the project may be operated to best serve 
the particular needs of the valley. For example, to secure maximum flood- 
control benefits, sufficient storage capacity must be preserved in the reservoir 
to collect flood waters originating above the dam during the winter and spring 


seasons, and hold them back until the river down stream has receded to below _ 


flood stage. On the other hand, such dry storage capacity must necessarily 
reduce the total quantity of stored water which otherwise might be made 
available for release during dry seasons. It, therefore, reduces, to a greater 
or less degree, the efficiency of the reservoir as a regulator of the stream for 
water supply, sanitation, and other purposes. Fortunately, the water-surface 


area of the Pymatuning Reservoir is so great at spillway elevation that a ~ 


storage depth of about 2 ft will afford complete control of the inflow under the 


" when nn 
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worst known flood conditions. Hence, by providing such storage above spill- 
way elevation the reservoir may be depended upon, with only a comparatively 
small loss in efficiency, to regulate the dry-weather flow. 

Another very important phase of the project as a whole must be given con- 
sideration, namely, the use of the reservoir for fishing, boating, hunting, and 
other forms of recreation. For this purpose the lake level should be kept as 
nearly constant as possible. This requirement naturally is incompatible with 
releases during the summer season: hence, the reservoir should not be drawn 
down by releases more than is necessary to afford adequate stream-flow 
regulation. Although the Legislature was most careful to define the primary 
use of the Pymatuning Reservoir, nevertheless it must be borne in mind that 
the principal interest of the project to a large majority of the people in Western 
Pennsylvania and Eastern Ohio is the recreational value it will afford. 

There are then three more or less conflicting purposes to consider in working 
out a schedule of reservoir operation. Fortunately, it appears from the studies 
made so far that the requirements for all three purposes can be met satis- 
factorily. 


NEED FoR Low-WaATER CoNnTROL 


There has long been a need for augmenting the low-water flow of the 
Shenango and Beaver Rivers. Prior to the completion of the reservoir the 
Sharon-Farrell District, 35 miles below the dam, with a population of about 
45 000, had continuously been subject to shortages of water for domestic and 
industrial uses during dry seasons. The City of New Castle, Pa., about 20 
miles below Sharon, with a population of approximately 50 000, and numerous 
other smaller intervening localities were likewise affected. The shortage was 
felt also in the Beaver Valley, where the cities and towns for a distance of 20 
miles are rather closely grouped, with an aggregate population exceeding 
50000. The steel and other mills along both rivers require adequate water for 
economic and efficient operation. Periods of deficiency were a yearly occur- 
rence and always curtailed operations at some of the mills. During dry 
seasons, water was re-used several times and as a result its temperature reached 
as high as 140° F. In the summer of 1933, the water was so low at Sharon 
that even by re-using it, there was not enough for operating purposes. The 
steel mills were considering closing down, when the small quantity of water 
that had been stored in the reservoir during construction was released and 
proved sufficient to tide them over the critical period. 

Water-works taking their supplies from the Shenango and Beaver Rivers 
_ serve about 175 000 people, with intakes and filtration plants at Sharon, New 
Castle, West Pittsburgh, Beaver Falls, Pa., and New Brighton, Pa. Prior to 
the construction of the Pymatuning Reservoir, the Department of Health 
reported that the load on the water filters was gradually increasing. This 
condition was recognized as a menace to public water supplies, and was creating 
a nuisance in the Shenango and Beaver Rivers. At Sharon, flows as low as 
8 cu ft per sec were experienced. Flows of less than 30 cu ft per sec were almost 
a yearly occurrence, and extended over periods of several months at least three 
times since 1930. The natural flow at New Castle was scarcely 20% greater 
than that at Sharon during drought seasons. 
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SewaGE TREATMENT WORKS 


Prior to the passage of the Pymatuning Act the Pennsylvania Department 
of Health properly insisted upon the installation of sewage treatment works by 
all municipalities discharging sewage into the Beaver and Shenango Rivers, or 
any of their tributaries, above the intakes of public water-works. The treat- 
ment plants were required to provide for the removal of settleable solids, 
oxidation, and chemical disinfection. The Department recognized, however, 
. that with the Pymatuning Reservoir in operation, the releases during dry 
seasons would naturally improve the condition of the river water so that 
sewage-plant effluent could be safely assimilated with a lesser degree of treat- 
ment. Upon the basis of information furnished by the Water and Power 
Resources Board as to the amount of regulated flow which could be secured 
through the operation of the reservoir, it was decided that oxidation would not 
be required. Plans for sewage treatment works in various municipalities in 
the valley have accordingly been approved and works have been constructed 
that do not involve the high degree of treatment that otherwise would have 
been necessary. 


Limit or Low-FLtow REGULATION 


The original studies made to determine the maximum amount of regulation 
which could be secured through the operation of the Pymatuning Reservoir 
covered the period from 1908 to 1930, just prior to the actual construction of 
the dam. They did not include the series of dry years beginning in 1930. 
Within this period the most critical years were found to be 1922 and 1923, and 
during these years it was found that a minimum flow of 400 cu ft per see could 
be maintained in the Shenango River, at Sharon, throughout the year without 
completely emptying the reservoir. However, to maintain this flow throughout 
the entire year would have meant a waste of water, as the full quantity was 
not necessary during the winter months. Accordingly, the calculations were 
revised to provide a minimum flow of 400 cu ft per sec at Sharon for the months 
of July, August, and September, 350 cu ft per sec through June and October, 
and 300 cu ft per sec for the remainder of the year. 

Then came the drought years, beginning in 1930, and it was found that the 
reservoir, if operated on this schedule, would not have been fully replenished in 
1930, 1931, or 1932, and that by November, 1933, the storage would have 
been exhausted. . 

As a result, a new analysis was made of the dependable yield which could 
have been secured from the reservoir had it been in operation for the critical 
period from 1929 to 1935. This investigation was based upon releases to 
maintain a minimum flow at Sharon of 200 cu ft per sec during the months of 
June, July, August, and September; 150 cu ft per sec during May and October; 
and 100 cu ft per sec during the remaining months of the year. With thax 
releases the reservoir would have filled each year, and the maximum draw-down 
would have amounted to 3.9 ft. Corresponding computations covering the 
years 1908 to 1929 have not yet been made, but it seems probable that in 
normal years the fluctuation in the reservoir would hardly exceed 2 ft. 
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It is scarcely necessary to explain that the assumptions of minimum rates 
of flow to be maintained at Sharon are not to be construed as the actual flows 
which would have occurred throughout the period. The actual flow, par- 
ticularly during the winter and spring months, would have greatly exceeded the 
minimum figures indicated, due to the higher rates of run-off from the tributary 
drainage area below the dam, and to overflow from the reservoir itself. 


TEsts TO DETERMINE WATER REQUIREMENTS 


When the reservoir filled for the first time, in the spring of 1936, it became 
possible to release varying quantities of water and to study the resulting river 
conditions. Establishment of a definite program of reservoir operation has 
been delayed pending the completion of these tests, which are being conducted 
by the Engineering Bureau of the Pennsylvania State Department of Health. 
However, a tentative program was adopted in July, 1937. 

Sampling stations were established at various locations in the Beaver and 
Shenango River Basins, as shown in Fig. 8. Then a series of test runs was 
made, with water released from the Pymatuning Dam to maintain as closely as 
possible a given specified flow at Sharon. The first four runs were as follow: 


Flow, at Sharon, Release from dam, 
Dates of in cubic feet in cubic feet 
analytical traverses per second per second 
UMERS GLOSOL ae. Mes ae. Le INE Arg eer se tetean ey ees 88 
VUMERL OD eLOS Ge wren: ceneege feed LO deel ek aides ale 140 
Aliya peOS OR eet 0d ene gece: PDR Oe es See 200 
PARE SUSGE AL ye LOO seinig igo sity tere. war os AQ) Staite Oh eta Hs 93 


The tests of the water made by the Department of Health included: 


Alkalinity and pH: To determine the reaction of the stream before and after 
receiving industrial wastes, particularly pickling acid. 

Dissolved Oxygen: To determine oxygen available to prevent nuisance by 
assimilating decomposing organic matter; also to determine whether 
stream was capable of supporting fish life. 

Bio-Chemical Oxygen Demand: To determine the amount of decomposable 
organic matter present, and, by comparison with the results of the 
dissolved oxygen test, to determine whether the pollution load is greater 
or less than can be assimilated by the dissolved oxygen and still leave a 
safe oxygen balance. - ; 

Color: To determine effects of colored swamp water from Pymatuning 
Reservoir upon water-works. : 

Iron: To determine effect, other than oxygen depletion, of metallurgical 
industrial wastes. 


The information given in Table 4, was furnished by the Department of 
Health with respect to sewage load and present methods of treatment in the 
larger towns in the Shenango and Beaver Valleys. 

; The studies indicated that the stream discharges tested were not large 

enough to provide sufficient oxygen in the diluting water to put the river in 
satisfactory sanitary condition below the sewage and industrial waste discharge 
from the Sharon-Farrell District and, at times, below New Castle and, again, 
at the mouth of the Beaver River; and in 1937, acting upon the advice of the 
Department of Health, a tentative schedule of reservoir operation was adopted 
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to provide for a minimum flow at Sharon of at least 200 cu ft per sec, during 
June, July, August, and September; 150 cu ft per sec, during May and October; 
and 100 cu ft per sec, during the other months of the year. F urther studies are 
to be made by the Department of Health. 


TABLE 4.—Princrpa, SEwaGE Loaps IN SHENANGO AND BEAVER VALLEYS 


Town or district mee g decvtele ty f Remarks 
PATOR see eos aiden te aevrae Eimer ey eased 21 000 Treated | Removal of settleable solids 
HEROIN Eee oot anaiblels SR AGL M pei tleecn oes 5 006 Raw Del oo eg oe a aiale slelag ae 
LOS US eee lie are Be eR acl Oe Read a 14 000 Raw Primary sewage treatment works now 
: under construction 

In Ohio Near: 

Farrell-Sharon-Farrell, Pa............ 3 000 Raw ais Riacals ote Cte prep ae 

Bharpsyvill, ay dle sswapars of one sides 5 000 Treated | Removal of settleable solids 
Total equivalent population, raw sewage 

URN Nac set ate Eb ‘syd ole Raw, 1G wyaherohe ens 8p 39 000 eke LI 8, © ge < we iian dea ee 
INewi@astle: Pare cna aries gd sruatie ees) 45 000 Treated | Removal of settleable solids 
West eittsbureh, Passi Seite: eae ss 1 000 Treated | Removal of settleable solids 
wood City. PA. twats. Riek Sree eter 12 000 Treated | Removal of settleable solids 
NCOMDE AE A. laste hoor en ee leis sebiats 1 000 Treated | Removal of settleable solids 
Beaver Falls, Pa., and vicinity......... 30 000 Treated | Removal of settleable solids 


At present it appears that the criterion for releases from the Pymatuning 
Reservoir will be the requirements of sanitation and public water supplies, 
and that if such needs are met, or met approximately, there will be more than 
sufficient water for industrial purposes. It also seems that the Sharon- 
Farrell District is the critical one with respect to sewage load and industrial 
wastes. The Department of Health is now taking steps to reduce materially 
both sewage and industrial pollution originating in this district. 

The State has done its part in building the Pymatuning Reservoir to 
increase normal low flows in the Shenango River sufficiently to assimilate 
reasonably treated sewage and industrial wastes. The municipalities and 


industries should likewise be expected to co-operate in bringing about a _ 


reasonably clean stream, which will add materially to the attractiveness and 
economic advantage of the entire valley. It certainly should not be permissible 
for a small group of municipalities or industrial plants to continue to place a 
heavy pollution load upon the stream when, by taking reasonable measures to 
eliminate or reduce such loads, it would be possible to curtail greatly the releases 
and thus lessen the yearly fluctuation in the reservoir. There would seem to 
be too much interest by the public at large in the recreational use of the area 
for the State to countenance such gross and unwarranted pollution. 
Indications point to a need, for sanitary purposes, of at least 200 cu ft per 
sec at Sharon and possibly more during the hot summer months. The require- 
ments during the colder months will be much less, probably less than one-half 
the summer maximum. Industrial requirements for water for the Sharon 
District appear to be greater than for the New Castle and the Beaver Valley 
Districts, and these requirements during the most critical months of 1936 
(June, July, and August) did not exceed 150 cu ft per sec and were closer to 
100 cu ft per sec the greater part of the time. This is significant when it is 
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recognized that those mills requiring by far the largest quantity of water were 
operating generally at 90% to 95% capacity during July and August. 
FLoop ContRou 


Although this paper is limited primarily to the effect of the Pymatuning 
Reservoir in regulating stream flow for dilution purposes, it would not be 
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Fig. 4.—HyprorueticaL Hrrect or PyMAtruninGc REsERVOIR ON Manca, 1913, FLoop ar SHARON, Pa. 


complete without some reference to the flood-control aspects of the project, 
as the operation of the reservoir for one purpose affects its usefulness for others. 

Thirteen disastrous floods have been experienced in the Beaver River Basin 
since 1806, the year of the first major flood of record. Little authentic informa- 
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tion is available concerning them prior to 1884, although there is evidence that 
the flood of 1832 may have exceeded the two major floods of 1884 and 1913. 
This flood occurred before the valleys were densely populated and when few 
obstructions existed in and along the river channel. 

The largest and costliest flood of recent years was that of March, 1913. 
Its magnitude and effect are comparable to that of the 1936 flood in other 
sections of Pennsylyania, and every city and town bordering the river was 
either completely or partly submerged. Bridges were swept away, railroad 
service was disrupted by numerous washouts, and dwellings, manufacturing 
establishments, and business places were inundated. Water-works were forced 
to shut down for several days, and on resuming operation pumped unfiltered 
water into the mains. Water entered gas mains and cut off the supply for 
fuel and light. The total reported loss exceeded $2 000 000. 

The flood of March 17, 1936, did not extend to the Shenango and Beaver 
River Valleys, although other streams in the Ohio River Basin established new 
high-water records. Reports emanating from the valley below the dam 
credited the reservoir with preventing a disastrous flood at this time, but this 
was not true as the precipitation over most of the water-shed was in the form of 
snow, rather than rain. However, on March 25, a moderate flood occurred 
due to a warm rain and melting snow. The reservoir level was then 0.7 ft 
below spillway crest, and the storage capacity was sufficient to hold back the 
waters from the drainage area above the dam until the crest of the flood had 
passed Sharon. After the flood had subsided there was a small quantity of 
water passing over the spillway which, however, did not add to the flood 
height; later, the lake was drawn down gradually to provide additional storage 
in case another flood should follow. The reservoir reduced the discharge at 
Sharon approximately 25% and prevented overflow and flood damage in the 
business section of the city. 

Studies show that 2 ft of storage above the spillway elevation of Pymatuning 
Dam would hold back flood waters from a storm equal in intensity to that of 


March, 1913 (the highest of record). Provision for such dry storage has now 


been made by installing a 2-ft weir in the spillway. The reservoir will be 
maintained at spillway level, or somewhat lower during the winter and spring 
months, by releases through the outlet gates. During flood flows the gates 
will be closed and the reservoir will then function to retard the inflow until the 
crest of the flood has passed out of the valley below. 

The additional storage made available by the weir amounts to 1 297 000 000 
cu ft, and would reduce the crest of a high flood at Sharon by 2.5 to 3 ft. 
Actually, the reservoir might be maintained about a foot or two below spillway 
crest during the flood season, and thus provide an additional factor of safety 
without detriment to the project as a regulator of low-water flow. : 

Fig. 4 illustrates the effect the Pymatuning Reservoir would have had in 


reducing the March, 1913, flood, at Sharon, with a 2-ft weir in the spillway of 
the dam. 


BENEFITS OF RESERVOIR IN 1936 


During 1936, the first year of experimental operation, benefits derived from 
the reservoir at least met expectations as to the value and usefulness of the 


See atone lie. 
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project. Tests of both its flood-control and low-flow replenishment features 
came quickly. 

During the summer of 1936, the Beaver River and, especially the Shenango 
River Basin, experienced a very dry season. Although the drought was not so 
severe as that of 1930, nevertheless, it threatened to approach that condition 
and was, in effect, comparable to those of 1932 and 1934. Starting with a full 
reservoir, the gates were operated continuously from May 25 to November 2 to 
meet demands, primarily, in the Shenango Valley. During this period the / 
average release was 100 cu ft per sec, and at no time was it less than 50 cu ft 
per sec. The average resultant flow maintained at Sharon was 175 cu ft per 
sec, and the lowest daily flow was about 100 cu ft per sec. Had there been no 
storage to help, the flow at Sharon could not have exceeded 30 to.40 cu ft per sec 
during the greater part of the time and would probably have been less over 
short periods. 

Flood-control operations of March, 1936, have already been mentioned. 
Although the March run-off in that year failed to approach a record high stage, 
it was high enough to produce a secondary flood along many stretches of the 
Shenango River. Without the reduction in stage effected by the Pymatuning 
Reservoir, the damage in this valley would have been considerably greater than 
actually occurred. 

At the end of 1936, consensus of opinion in the districts benefited could 
have been summed up in the expression, ‘‘We feel that the dam has already 
paid for itself.’’ 

Until the Engineering Bureau of the State Department of Health completes 
its investigations and submits its final report to the Water and Power Re- 
sources Board, no definite plan will be established for rates and periods of 
release from the Pymatuning Reservoir. Even after a plan of operation is 
adopted, it will probably be necessary to modify it as actual experience is 
gained from year to year, and as conditions change in the valley below with 
respect to public and industrial water supply, sanitation, etc. It is certainly 
to be expected that, under efficient regulation by the Sanitary Water Board, 
- the pollution load will become no greater than it is at present, despite probable 
increases in population and industry. 
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SANITATION PROBLEMS INCIDENTAL TO 
FLOODS 


By W. L. STEVENSON, M. Am. Soc. C. E. 


SYNOPSIS 


In time of flood, public health authorities and municipal and water-works 
officials are confronted with a variety of emergency sanitation problems that 
demand immediate attention. It is important to be prepared in advance. 
This paper outlines the major factors in such planning, and makes suggestions 
for the conduct of activities during floods and as the waters recede. Experience 
in Pennsylvania in 1936 is drawn upon for many of the details. 


Although flood-control reservoirs can reduce maximum flood stages, and 
dikes can safeguard more or less limited areas against inundation, it requires 
large sums of money and long periods of time to develop such projects. In 
fact, it is inconceivable that all rivers can ever be controlled so that flood 
stages will not occur at times. Therefore, preparation to meet the sanitation 
problems incidental to flood disasters must still be made. 

For the purpose of this paper, the word, sanitation, simply means the 
keeping clean of the environment of Man or making it clean; and, in this sense, 
cleanliness means the absence of dirt resulting from Man’s life and work. 

Rivers draining developed areas must receive and carry away sewage, in- 
dustrial wastes, and the rain-water run-off from towns and cultivated fields. 
Where sewage and some industrial wastes are inadequately treated, and the re- 
ceiving stream at normal or low stages is too sluggish to be self-cleansing, then 
sludge deposits form on the bed of the river. Consequently, flood waters are 
always dirty, and more or less befoul inundated communities and water-works, 
thus creating a serious emergency sanitation problem. 

The principles of sanitation are well known and in daily use. What creates 
the acute problem in sanitation incidental to floods and makes difficult the ap- 
plication of these principles, is the need for immediate action and the difficul- 
ties of transportation and communication. Seemingly everything must be 
done at once and everywhere at the same time, but floods prevent normal 
transportation and communication. Men and materials immediately needed 
in the stricken areas have to be taken over long detours because of inundated 


S 


: 


highways and railroads and washed-out bridges. The enormous load of — 


business upon telephone and telegraph wires caused by flood conditions swamps 


their reduced capacity and makes it difficult even to ascertain the sanitary 
needs of the flooded areas. 


The fact that floods inevitably produce these conditions makes apparent — 


the importance of preparing and planning for preventive and corrective sanitary 
18 Chf. Engr., Pennsylvania Dept. of Health, Harrisburg, Pa. 
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measures before the next floods actually arrive. This paper considers the 
problem in three steps: (1) Present planning and work ; (2) things to be done 
during floods; and (3) things to be done as the waters recede. The suggested 
course of action is predicated upon the doctrine of home rule; that is, the 
primary responsibility should rest upon local authorities, with State agencies 
guiding and correlating activities and helping as far as possible, especially in 
the rural areas and smaller municipalities. 


PRESENT PLANNING AND Work 


Water-Works.—In recent years, the trend in public water supply projects 
has been toward the development of impounded, relatively clean, upland 
sources delivered by gravity, in preference to the use of polluted river water that 
requires a high degree of purification, and that must be pumped as well. 
Those in charge of water-works subject to danger from floods should study the 
practicability and advisability of obtaining upland water, so as to eliminate 
the flood menace to low-lying water-works, and simultaneously secure a superior 
water supply. Even with an upland source, however, care should be exercised 
to safeguard all the mains at places where they may be endangered by floods; 
otherwise, the areas served by such mains will be no better off than if they 
were served by a low-level source of supply. 

In Pennsylvania, during the floods of 1936, most of the communities with 
upland gravity supplies not only had water during the flood, but also had 
enough water in storage for clean-up purposes afterward. The opposite con- 
dition occurred at many of the low-level water-works, which were flooded. 

Adequate storage capacity for purified water is always needed to meet 
drought conditions. For this purpose the storage facilities of many water- 
works have been enlarged since the droughts of 1930 and following years. 
Nevertheless, during the March, 1936, floods in Pennsylvania, many storage 
reservoirs were exhausted before the emergency was over, despite the fact that 
they were well filled before the flood, and that restrictions were enforced to 
prevent waste while the water-works were shut down. 

Officials of such water-works should now give attention to their storage 
facilities, and if they find them to be inadequate, they should take the needful 
steps to enlarge them as a safeguard against future drought or flood. 

Of the 106 water-works adversely affected by the floods of 1936 in Penn- 
 sylvania, the following parts were put out of operation: Pumps in 61 plants; 
chlorination apparatus in 35; clear wells in 23; filters in 13; and chemical 
feed apparatus in 13. Inundated motors had to be baked, which caused delay 
in resuming operation. Flooded switch-boards took time to clean. The 
flooding of filters or clear wells was most dangerous. 

Water-works officials should study their plants to determine whether the 
vital parts can be raised above maximum flood height. If raising, in whole 
- or in part, is found to be impracticable, then consideration may well be given 
to providing substantial flood guards for doors and windows of low-lying 
pumping stations, which could be put in place when floods occur. The building 
of dikes might also be considered. However, if the top of a dike is not surely 
above maximum flood height, then after the flood the dike will retain the flood 
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waters and cause further delay in getting the water-works back into service. 
A sluice-gate set at a low elevation in such a dike would be a help in draining 
impounded water. 

Other matters to be considered are auxiliary sources of power, duplicate 
and well-protected water mains under rivers (with proper valves at each end 
to prevent loss of water in case of pipe failure), adequately valving the distribu- 
tion system to provide flexibility of operation, and emergency connection with 
the mains of a near-by water system. 

The doctrine of home rule applies to water-works. It is the duty of water 
purveyors to have competent works operators, capable on short notice to take 
charge of emergency work, and to handle their plants successfully when 
disaster threatens. 

Municipalities—In some municipalities with public water supplies the 
residents of areas subject to flooding still obtain their drinking water from 
private wells. In such cases, consideration should be given to extending the 
public water mains into the low-lying parts of the town site. Flooded private 
wells are a grave menace to health, and the best way to eliminate the hazard is 
to replace them with a safe, piped, public water supply. Meanwhile, the 
local board of health should prepare a map showing the location of all private 
wells in areas subject to flooding, so as to be prepared, when floods come, t 
direct their cleansing and sterilizing without delay. 

No privies or cesspools should be permitted on properties to which a public 
sewer is accessible, for they are an actual or potential health menace at all 
times, and especially when flood waters carry the night soil into water wells 
and into houses. 

In Pennsylvania, the clean-up of flooded dwellings in 1936 was markedly 
expedited by help from Federal Work Relief agencies, such as the Works 
Progress Administration and the Civilian Conservation Corps. It may be 
that when severe floods next occur, these valuable aids may not be available. 
Therefore, municipal officials would do well to make general plans for flood 


clean-up work and file them away, so as to be prepared to handle the job with. 


_their own facilities and labor. Then when the emergency comes they will be 
ready to proceed with a minimum of State supervision or aid. In cities such 
plans might include the establishment of refugee centers, first-aid stations, and 
emergency hospital facilities. It is not to be expected that the small munici- 
palities can handle such a problem without help. 

The State-——There are some services which the State Government can and 
should render in flood disasters. First, it should supply forecasts of the flood 
stage and time of cresting, in order that local authorities may be duly fore- 
warned. Further, the National Guard can augment local police and com- 
pletely take over police duties in the rural districts to prevent looting. The 
State Health Department can correlate measures for the prevention of dis- 
ease and take charge of public health work in the rural districts and weaker 
municipalities. 

Considerable planning should now be done along these lines, in order to be 
generally prepared for future floods. This preparatory work may include 
urging municipal and water-works officials to make suitable and practicable 
plans for meeting flood disasters in their own communities. 
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Hydrography.—After the March, 1936, floods in Pennsylvania, U. 8S. Army 
Engineers and the Pennsylvania Department of Forests and Waters in co- 
operation with the U. 8. Geological Survey collected as much information as 
possible along certain main rivers as to the maximum height reached by flood 
waters and the day and hour of cresting. Levels were then run to ascertain 
the elevation of these marks. From these data maximum flood profiles were 


' plotted and the time of transit of the crest height from place to place was 


determined. 

Such information is so valuable in planning for the future that where it has 
not been undertaken as thoroughly as in Pennsylvania it should be begun at 
once. (Plans should also be in readiness, in case of future high floods, for 
establishing high-water marks on stable structures as soon as possible after the 
crest has passed.) In connection with this work it would be helpful to locate 
the horizontal limits which the flood waters have reached in built-up com- 
munities. With such data available, municipal and water-works engineers 
can make plans intelligently for changing existing structures or designing new 
ones, as far as floods are concerned. 

The maintenance of stream gaging stations at strategic points is important. 
At stations that are difficult of access at flood stage, auxiliary gages should 
be established well back from the normal channel of the river in order to assure 
positively continuance of the record during the period when it is most needed 
for flood forecasting. 

The value of accurate flood forecasting to health authorities, to water- 
works operators, and to the public at large, is so great as to warrant the de- 
velopment of a nation-wide service organized to the maximum possible degree 
of efficiency and dependability. 

When the flood emergency-comes, it is vitally essential that gage-height 
readings be reported promptly to the central authority. This indicates the 


‘ wisdom of the special arrangements that have already been made with tele- 


phone companies in some States, to maintain telephone service as long as 
possible during floods between the gage readers and the central office of the 
hydrographers. Consideration is also being given to the use of radio for this 
purpose. 

Health Departments.—State Health Departments should prepare for future 
floods by making plans for establishing, equipping, and manning first-aid 


stations in flooded districts, and for the distribution of needed biological 


products. Mobile bacteriological laboratories have proved to be valuable in 
the ordinary conduct of the business of State Health Departments, and they 
are especially valuable in flood-emergency work. Therefore, it would be well 
for State Health Departments not now provided with such facilities to endeavor 


to obtain them. 2 
The number and location of Highway Department and National Guard 


- mobile water tanks naturally change from year to year. It is futile, therefore, 


to prepare an inventory of such equipment and make definite plans, long in 
advance, for their use in hauling drinking water to stricken communities during 
a severe flood. However, where arrangements do not already exist between 
State Health Departments and such other branches of State Government for 
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the emergency use of such equipment, it appears wise to make such arrange- 
ments in a general way, chiefly for the purpose of having immediate co-opera- 
tion when the emergency comes. 

Health Departments should also arrange with telephone companies for the 
maintenance, as long as possible during floods, of telephone service between 
the central office of the Department and the headquarters of important field 
agents, such as district engineers, medical officers, etc. 


Tunes To Bre Done Durine FLoops 


When it appears that floods are likely soon to occur, the State Health 
Department should notify all local Boards of Health as to their emergency 
duties, and give them advice on such matters as cleansing flooded water wells, 
privies, cesspools, and inundated dwellings and their surroundings. Particular 
emphasis should be laid on sanitation of milk stations, and warning the public 
to boil all water to be used for drinking purposes. Similar instructions should 
be issued to field medical officers of the Health Department as to their duties 
in rural districts where there are no local Boards of Health. 

The Health Department Engineers should warn officials of water-works to 
store in reservoirs as much purified water as possible and take emergency 
measures to prevent, as far as possible, submergence of low-lying pumping 
stations and filter plants; also, where practicable, to make arrangements for 
temporary connections with the mains of near-by water systems less likely 
to be affected by the coming flood. 

Industrial concerns are often large consumers of the public water supply, 
and if conditions justify, service to them should be temporarily discontinued. 
Householders should also be requested to save water, but hospitals and hospital 
laundries should not be restricted, as water is essential for care of the sick. 

As soon as the State Hydrographers receive reports of rising river stages, 


the data should promptly be transmitted to the main office of the Bureau of — 


Engineering of the State Health Department, whence it should be relayed to 


the Department’s engineers in the field: First, for their information as to - 


which rivers are rising toward flood stage; and second, in order that they may 
notify the low-lying water-works and communities of the coming danger. 
At the same time these field engineers should gather as much information as 
possible on river stages, from water-works or other sources, and report it 
back to the central office for prompt transmission to the hydrographers to 
augment their available data. As river stages approach flood magnitude the 
State Hydrographers should furnish to the Health Department Engineers their 
forecasts of flood-crest height and the time of cresting at various places. This 
procedure was used in Pennsylvania during the March, 1936, floods and proved 
to be of great value to the Health Department in preventing epidemics of 
disease. 

When floods are imminent, but always before inundation occurs, every 
possible effort should be made by the State Health Department, by local 
Boards of Health, and by municipal and water-works officials to warn the 
public to boil all water to be used for drinking purposes. This can be done 
by means of newspapers, radio, printed notices posted in conspicuous places, 
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and projected on the screen in motion-picture houses, and in all other ways 
that will receive the attention of the public. In foreign-language communities 
the warning should be given in the language understood by the citizens. 

In recommending a universal warning to boil all water to be used for drink- 
ing, it is recognized that a seeming injustice is done to those public water sup- 
plies that are able to continue to furnish an entirely safe water during the flood. 
However, to qualify the “boil water’’ warnings by specifically including certain 
public supplies feared or known to be unsafe, and excluding other public sup- 
plies believed to be safe, would bewilder the public and lead to confusion thrice 
confounded. The universal warning was used. in Pennsylvania in 1936 and is 
believed to have played a considerable part in the prevention of disease. 
There were no epidemics reported from the flooded area. 

As soon as it can be determined which water-works are likely to be ad- 
versely affected by the coming flood, an inventory should quickly be made of 
available motorized water tanks for use in hauling pure drinking water to 
communities whose public water supply fails. These tanks can usually be ob- 
tained from State and municipal highway departments, the National Guard, 
and possibly from milk companies, and gasoline companies. 

Where water must be hauled long distances, railroad tank cars may be used, 
but probably the actual distribution of such drinking water in the stricken 
town would have to be made by motorized or horse-drawn tank wagons. 
Every tank to be so used should be thoroughly cleansed and then disinfected 
with a chlorine solution or by steam under pressure. As a safeguard, it is 
wise to add a proper amount of a solution of chloride of lime to the drinking 
water in these tanks at the time they are filled, in order that the germicide 
may have adequate time to act before the water is served to the public. 

Before the floods actually come, officials of municipalities and water-works 
should make arrangements with vendors of lime and chlorinated lime, so that 
when the emergency arises telegraphic orders may be placed for the immediate 
delivery of these disinfectants. The State Health Department should do 
likewise in order to insure quick delivery of such supplies to flooded rural 
districts and small municipalities. 

Where properly trained persons are available, high-test chlorinated com- 
pounds may be used to advantage because of their more definitely known 
strength, lesser bulk, and better keeping qualities. However, if the chlorine 
compounds are to be handled by untrained persons (who are likely to use far 
more than is necessary), then the ordinary bleaching powder is preferable. 

As the floods develop, and as soon as a reasonable forecast can be made 
as to the areas likely to be affected, the State Health Departments should 
station their mobile laboratories at strategic locations for the prompt bacterio- 
logical examination of public and private water supplies. 


TuHIncs TO Be Done AS THE WATERS RECEDE 


After a flood there are hundreds of things to be done, and all of them 
should be begun simultaneously. More men, materials, trucks, and tools are 
needed than can be furnished simultaneously throughout the flooded area. 
Then comes the test of previous careful planning to meet the emergency. 
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Officials of municipalities, water-works, and the State should, therefore, begin 
to plan for the clean-up just as soon as it can be forecast what places are likely 
to be inundated. Then rehabilitation can begin as soon as the flood crest is 
past. The major sanitary problems at that time are chiefly related to re- 
habilitating public water-works, cleansing milk stations and private wells, 
and cleaning up town sites. 

Measures to Be Taken by Public Water-Works Officials.—The cleansing and 
rehabilitation of public water-works is the most important sanitary measure, 
for widespread disease will surely follow the drinking of a contaminated public 
water supply. It is not necessary to describe here the innumerable things 
that must be done to put flooded pumping stations back in service. In par- 
ticular, however, it may be noted that filters and clear wells must not only be 
cleansed but sterilized—generally by means of a solution containing free 
chlorine. Chemical feed and chlorine apparatus which have been under water 
will need careful attention if they are to function properly when the remainder 
of the plant is ready for operation. When all these things have been done and 
the filter plant has been started, the water should be extra heavily chlorinated, 
and wasted for a while through fire plugs or blow-offs, to insure a good chlorine 
residual when it is again sent through the distributing system to the consumers. 
Meanwhile, field crews should be at work repairing broken mains, fire plugs, 
and house connections. 

Speed in the resumption of service must not take priority over safety of the 
quality of water delivered to consumers. The warning to boil all drinking 
water should be continued after the flood until a sufficient number of samples 
of the water throughout the system, upon analysis, show the quality to be 
perfectly safe. 

Cleansing Private Water Wells—All mud, muck, and débris should be re- 
moved from the top of the well and its surroundings. It should then be pumped 
to waste and a strong chlorine solution applied and allowed to stand not less 
than 24 hours and preferably 48 hours. Where practicable, and especially 
where the well cover is not tight, the inside walls of the well should be scrubbed 
with a chlorine solution. After these things have been done, the well should 
again be pumped to waste until the ortho-tolidin test shows that chlorine is 
no longer present. A sample should then be taken for bacteriological analysis. 

In this work mobile bacteriological laboratories are of great value. Follow- 
ing the 1936 floods in Pennsylvania, 10000 samples of public and private 
water supplies were analyzed in the three mobile laboratories of the State 
Health Department and 2 000 in the Philadelphia Laboratory. This is about 
the same number as are normally analyzed during an entire year in the De- 
partment’s Laboratory. 

In cleansing private water wells it will be found that many of them were 
actually unsafe prior to the flood. After the flood is the psychological time to 
secure improvements in those found to be faulty in construction. 

Milk Supplies.—No raw milk affected by the flood should be served raw. 
If a pasteurizing plant is flooded, the milk normally delivered to it should 
be diverted to some near-by unaffected plant the capacity of which can be in- 
creased by operating longer hours than usual. Often the employees of the 
flooded plant can work temporarily in the other one. 
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Flooded milk stations and pasteurizing plants must be thoroughly cleansed 
and all milk equipment, bottles, etc., sterilized. The plants should not be 
put back in operation until all the equipment is in good mechanical working 
order and all sanitary features have been checked by health authorities having 
jurisdiction over milk supplies. 

The distribution of milk from feeding stations in the flood zone should 
be restricted to bottled milk. 

Cleaning Up Towns.—Men, trucks, shovels, lime, chlorinated lime, and 
an orderly plan of procedure are needed to remove and dispose of the silt, 
mud, and débris left by the flood waters in inundated communities. For- 
tunate is the town whose water-supply reservoirs are full at this time so that 
an abundance of water under pressure is available for flushing. 

Cellars must be pumped out, rubbish removed, and quick-lime applied. 
The devastation and filth in the rooms of flooded houses are appalling. Here 
cleansing had best be followed by the use of a solution of chlorine made from 
concentrated compounds or ordinary chlorinated lime. 

In unsewered communities the flood waters will have destroyed privies 
and washed their night soil on to the surrounding ground. All exposed night 
soil should be sprinkled with quick-lime or chlorinated lime, according to 
local circumstances, and buried as soon as practicable at a location which 
will not menace any water supply. The prompt providing of temporary Army- 
type latrines is essential to prevent promiscuous defecation until permanent 
sanitary privies are rebuilt. 

Suitable sites must be selected for dumps for the filth and débris hauled 
away from the flooded town. There is a strong temptation to dispose of such 
materials in the easiest way by dumping them into the nearest stream that may 
still be at high stage. If possible, this should not be done, as it only tends to 
befoul some place down stream, or leave the river banks dirty and littered 
when the stream returns to normal stages. 


CONCLUSION 


Flood emergencies try Men’s souls and exhaust their bodies. Speed, 
sympathy, and service are essential. Above all else 1s needed co-operation 
and esprit de corps. The stricken people in the flooded areas must have con- 
fidence in those who are laboring to help and protect them. Of what avail 
is it for health authorities to warn that drinking water should be boiled and 
contaminated foods should not be eaten, if the public does not co-operate by 
heeding the warning? 

With skill, zeal, and hard work on the part of those in authority, and co- 
operation on the part of the public, sanitation work in flood emergencies has 
‘prevented and again can prevent epidemics of disease which otherwise are 
sure to occur. Before the next flood strikes is the time to prepare to meet the 
sanitation problems it will produce. 
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PROGRESS IN POLLUTION CONTROL IN THE 
OHIO RIVER BASIN 


By E. S. TISDALE,!* Esq. 


SYNOPSIS 


Progress in the control of stream pollution in the Ohio River Basin is 
summarized from four angles: (1) Plans for sewage treatment; (2) handling of 
detrimental industrial wastes; (3) development of public opinion favoring water 
conservation; and (4) Federal laws and compacts. 

Under Angle (1), a warning is sounded that something must be done, for 
in critical drought periods the sewage pollution is becoming too great a burden 
for even modern water purification plants to cope with. Records show that 
$12 000 000 have been expended under Public Works Administration and 
Works Progress Administration programs to improve sewage disposal along the 
main stem of the Ohio River. 

It is pointed out under Angle (2) that co-operative programs between the 
United States Public Health Service and the States have overcome detrimental 
phenol pollution and are now reducing acid mine drainage from abandoned 
bituminous coal mines by air-sealing. The total daily acid mine drainage is 
estimated to be approximately 15 000 000 lb. 

Under Angles (3) and (4) the gradually awakening publie opinion is touched 
upon. The program started as regional water planning in the Cincinnati area. 
Compact agreements were proposed, and the consent of Congress was obtained 
for States to work together to reduce stream pollution. ; 

The development of public opinion led to the formulation of definite legisla- 
tion of a national character, upon which hearings were held. This legislation 
did not pass in 1936, but is being actively considered by the Congress in 1937. 


To obtain a tangible concept of the canalized Ohio River, one may imagine a 
series of steps or boxes filled with water (Fig. 5). The difference in elevation 
between the top step, or box, located at Pittsburgh, Pa., and the lowest one, 
at Cairo, Ill., is 413 ft. In length, this series of fifty-three boxes, with a 
Federally operated dam in the lower end of each, extends more than 900 miles. 
Into this canalized river the tributary streams, large and small, empty their 
waters. The entire drainage area is 200 000 sq miles. It embraces parts of 
eleven States, having a combined population of about 17000000. Great 
industrialized cities have developed along the river and its tributaries. At the 
head-waters lie the richest bituminous coal fields in the world and from them 
comes an enormous pollution load of acid mine drainage. 


14 Director, Div. of San. Eng., West Virginia State Dept. of Health, Charleston, W. Va. 
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The progress in pollution control in the Ohio River Basin may be gaged by 
the answers to four questions: 


(1) What progress is being made in the reduction of pollution caused by 
human sewage from cities? 


(2) What progress has been achieved in the control of industrial wastes? 
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(3) What progress can be shown in the development of a “water-shed 
consciousness,” involving co-operation of Federal, State, and local agencies, 
in conserving the waters of the basin for their varied and most useful purposes? 

(4) What progress has been made which will permit co-operative effort of 
States and local governments in line with comprehensive Federal and interstate 
plans of pollution control? 


PROGRESS IN SEWAGE POLLUTION CONTROL 


The first of these ‘‘What Progress” questions deals with sewage pollution. 
It is the most important of them all, because more than 5 000 000 people obtain 
their drinking water from the water resources of the Ohio River Basin and 
nearly 2 000 000 from the Ohio River itself. The practice of the past has been 
for the cities on: the Ohio River and its tributaries to conduct their sewage 
wastes directly to the stream without purification, and it is still the prevailing 
method in 1936. The cities have considered it their right to utilize the dilution 
of the large stream as a satisfactory method of disposal. 

Although pollution from this source has been increasing, the science of water 
purification has gone forward, and thus far sanitary engineering has triumphed. 
Due to the design, construction, and skilled operation of water filtration 
systems, the public has been protected against water-borne diseases, notwith- 
standing the pollution of the river. Nevertheless, that there are limits beyond 
which streams cannot assimilate organic wastes, particularly human sewage, 
was amply demonstrated during the critical drought periods of 1930-1931, 
when it became impossible to produce a satisfactory drinking water supply 
from the putrefying waters contained in some of the basins between Pittsburgh 
and Cairo. 

In January, 1936, the National Resources Committee, interested in develop- 
ing a comprehensive policy to reduce pollution of the Ohio Basin, requested the 
Ohio River Board of Engineers (a co-operating group of State Health Depart- 
ment engineers who had been working on pollution control since 1926) to pre- 
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pare a statement showing the number of persons using the main stem of the 
Ohio River as a source of drinking water supply, the status of sewerage and 
sewage disposal in the municipalities along the Ohio River, and a plan for 
the future betterment of present pollution. The engineers’ report showed that 
the Ohio River itself was the source of water supply for public water-works 
serving 1690000 consumers, and this did not include Pittsburgh. An en- 
couraging note in the sewerage summary in the report was the fact that, since 
1932, in five States (Pennsylvania, Ohio, West Virginia, Indiana, and Ken- 
tucky) there had been approximately $12 000 000 expended toward construc- 
tion, with Federal aid, of sewage collection and sewage disposal improvements. 
An estimate showed that approximately $50 000 000 more would be necessary 
to provide primary treatment for sewage from all municipalities on the main 
stem of the river. 

There is certainly an element of progress visible in this $12 000 000 expendi- 
ture. Since Federal financial assistance has been available for building 
sewers on the loan-and-grant plan, 20% of the work necessary to afford primary 
treatment to sewage discharged to the main Ohio River has been finished. 
The policy of the Health Department in at least one of the States along the 
river is to give no more permits for extensions to city sewerage systems until the 
city in question agrees to develop a comprehensive plan for sewage collection 
and treatment. This is a step in the right direction and if all the States on 
the water-shed adopt such a policy, the program of reducing sewage pollution 
will be speeded up. 

Among the general remedial measures on sewage pollution control set out in 
the Board of Engineers’ report of January, 1936, was this statement: 


‘Every sewered municipality of reasonable size should have a comprehensive 
plan of sewerage approved by the state health department and should diligently 
proceed within the limitations of financial ability to construct the intercepting 
sewers. The larger communities and those situate within harmful influence 
of waterworks intakes should be the first to install treatment works to effect 
at least efficient removal of settleable matter. Thereafter, but as soon as 
practicable, the smaller municipalities should do likewise.” 


The State health authorities in States along the Ohio River feel that it is 
becoming increasingly difficult to produce safe, palatable water under critical 
conditions even with a water purification plant of modern design and skilled 
operation. Critical periods have occurred in 1930, 1931, 1934, and 1936. 
Cases of intestinal disorders were noted in the basin in the fall and winter of 
1930-1931, even though an acceptable bacteriological standard for water 
quality was attained. This experience should be a warning that the pollution 
load from sewage must be reduced, and that a remedial program similar to that 
carried out since 1932, through the assistance of Federal funds, should be 
accelerated. 


PROGRESS IN INDUSTRIAL Wastes ContTROL 


“What progress” with respect to improved practice in industrial wastes 
disposal is the question which immediately follows, for it is inextricably tied in 
with sewage disposal. Industries located in cities commonly discharge their 
wastes into the city sewers. Industrial wastes as well as drainage produced 
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by the development of mineral resources, such as bituminous coal, must of 
necessity be discharged into the neighboring streams. 

Constructive progress in dealing with the disposal of industrial wastes in 
the Ohio River Basin began about 1924, when the State Health Departments of 
Pennsylvania, Ohio, and West Virginia met in Pittsburgh under the leadership 
of the late Director of Health of Ohio, Dr. John E. Monger, and agreed to work 
co-operatively in handling industrial waste problems where they affected public 
water supplies. Under the Ohio River Interstate Stream Conservation Agree- 
ment, similar policies were adopted by the State Health Departments of these 
three States in dealing with “phenol,” a tar-acid product of the by-product coke 
industry which was formerly discharged into the streams, causing offensive 
tastes and odors in public water supplies down stream. 

In 1923, H. R. Crohurst, Sanitary Engineer with the U. S. Public Health 
Service, made a comprehensive study of the damaging effect of phenol on public 
water supplies throughout the Ohio Basin. Remedial action was taken by the 
steel industry in one State after another as a common policy was pursued, with 
the result that to-day in many plants, phenol is reclaimed by the steel industry; 
it has become a valuable by-product rather than a trade waste. Two cardinal 
principles of administrative practice in industrial pollution control are illus- 
trated by this experience: (1) The establishment of a common policy over an 
entire water-shed area in dealing with a detrimental trade waste; and (2) the 
practice of having the technical man in industry meet the technical engineer in 
Government service to work out the practical way of eliminating or properly 
treating the harmful substances discharged into streams. 

The experience of State co-operation in dealing with the phenol pollution 
served as a guide when the question arose some years later as how best to 
combat the tremendous acid load which was coming into the Ohio and its 
tributary streams from the bituminous coal mines in Pennsylvania, Ohio, 
West Virginia, and Kentucky. The Board of Health Commissioners of the 
Ohio River Basin, a voluntary co-operating group of State Health Officials, 
authorized the Ohio River Board of Engineers to prepare a comprehensive plan 
for reducing this drainage. A report was accordingly prepared by the Board 
of Engineers, at Huntington, W. Va., in October, 1933, and served as a basis 
for the program of sealing abandoned coal mines, which was inaugurated in 
December, 1933, and was under the direction of the U.S. Public Health Service. 
The workers on this project, started under the Civil Works Administration, 
were unemployed miners and mining engineers. With intermittent spurts and 
lags, the program has gone on, until now (1937) it is well organized under the 
Works Progress Administration. The supervisory group of mining engineers in 
each State is in the employ of the U. 8. Public Health Service. 

The public health engineers of the States involved co-operate closely with 
those in the Federal service. The work in each State is under the Sanitary 
Engineering Division of the State Health Department, for this is primarily a 
program affecting public water supplies and stream pollution. 

The following summary of accomplishments in West Virginia up to July 1, 
1936, is typical of the project as a whole: 
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Total number of coal mines in State.............. 2212 
Active mines. .... 22.266. e 0) ceed ae cet ee eels one 613 
Marginal mines........---- +--+ 00-2 creer eee ee ee 241 
Abandoned mines. Sets eee Oe 
Abandoned mines sealed to July 1, “1936... eh 405 
Number of openings sealed...........-..-----+-- 3 644 
Average openings per mine....:.......2.....++.: 9 


The unit costs were as follows: 


Average total cost: Construction per opening...... $ 89 
Average total cost: Maintenance per opening...... 16 


Total expenditure per opening to July 1, 1936... $ 105 


From analyses of more than 2000 mine-water samples, C. L. Chapman, , 
Field Director for West Virginia, computes that by July 1, 1936, the acid 
drainage originally coming from the 405 air-sealed mines had been reduced by 
51.1 per cent. The original daily acid production of these mines was 467 835 lb. 

E. W. Lyon, Regional Director of the Mine Sealing Program, with head- 
quarters at Pittsburgh, estimates that the total acid pollution from all mines 
(active, idle, and abandoned) in the Ohio Basin amounts to more than 
15 000 000 lb per day. The acid load from about two-thirds of all mines— 
that is, the “abandoned” group—can be substantially reduced by a continua- 
tion of the present program. Again it should be pointed out that this work 
has been made possible by co-operative effort of the States and the Federal 
Government, and by Federal money apportioned on a regional basis. It is 
believed that the mine-sealing project is deserving of -consideration in any 
program for water conservation in this basin. 


PROGRESS IN DEVELOPING A ‘‘'WATER-SHED CONSCIOUSNESS”’ 


The third of the ‘‘what progress’ questions involves something more or less 
intangible—the development of a “‘water-shed consciousness.” Progress along 
such lines, of course, cannot be defined quantitatively. It can be stated, 
however, that ‘‘water-shed pollution consciousness” in the Ohio Basin was 
first aroused in 1924 by the water conservation agreement between the Health 
Departments of Pennsylvania, Ohio, and West Virginia; and mention may be 
made of two more recent developments along similar lines. 

The Ohio Valley Improvement Association, organized in 1893, has been 
interested primarily in navigation, but in 1935 it took for the theme of its 
Annual Meeting the control of pollution and floods on the Ohio River. This 
organization has been successful in securing the canalization of the Ohio River 
for navigation, and it is hopeful of being equally successful as it turns its ener- 
gies to pollution and flood-control measures. Its members, scattered far and 
wide over Pennsylvania, Ohio, West Virginia, and Kentucky, form the nucleus 
for an appeal to the citizens and the legislatures of the several States to co- 
operate in a program of pollution abatement along the Ohio River. 

In addition to this organization is a new one, inaugurated in Cincinnati, 
Ohio, on May 12, 1935, through the untiring efforts of Alfred Bettman, Chair- 
man of the Fifth District, National Resources Committee, and Hodson Biery, 
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Chairman of the Stream Pollution Committee of the Cincinnati Chamber of 
Commerce. During the winter of 1935-1936 Mr. Bettman called together 
representatives from the State Planning Boards of Pennsylvania, Ohio, West 
Virginia, Kentucky, and Indiana to effect, if possible, an Ohio Valley Planning 
Commission, whose purpose would be to plan for the best uses of the waters of 
the Ohio Basin for the future. His inspiration came from the findings and 
recommendations of the report of the Mississippi Valley Committee. A 
permanent organization was effected on March 12, 1936, with Mr. Bettman as 
Chairman, with headquarters in Cincinnati. As Chairman of the Stream 
Pollution Committee of the Cincinnati Chamber of Commerce, Mr. Hudson 
Biery has been successful in bringing a large number of influential civic organi- 
zations in Cincinnati to work in a united effort for an Ohio Valley Planning 
Commission and, for the enactment of national legislation by the Congress to 
permit groups of States on a water-shed to co-operate and to formulate a 
comprehensive plan for dealing with detrimental stream pollution. 


PROGRESS IN LEGISLATION 


The fourth “what progress” inquiry deals with legislation: What progress 
has been made toward increased Federal and State co-operation in stream- 
pollution control in the Ohio Basin? 

The Cincinnati group realized that a compact must be prepared, adopted 
by the States, and approved by the Congress before the States could work 
together effectively on a remedial program. Authorization of a compact by 
Ohio River States to work together on stream pollution control was given by 
the Congress in May, 1936. Thus, the ground-work has been prepared for 
the States to appoint commissioners to negotiate a compact to be adopted 
by the several State Legislatures. This is no easy task, but it is the begin- 
ning of the actual program. 

The Ohio Valley is not the only water-shed or basin in the United States 
where interest in stream pollution is high. During 1936, from New York State 
and Connecticut, as well as from the Ohio Valley, measures were introduced in 
the Congress providing for Federal control of stream pollution. Some of the 
bills in Congress, particularly the Lonergan Bill, were of a drastic nature, but 
those prepared by the Committee of the Cincinnati Chamber of Commerce 
were of a more moderate type. One bill provided for a Division of Stream 
Pollution Control in the U. S. Public Health Service, setting up the machinery 
for investigating water pollution and preparing a national plan by water-sheds, 
also for assisting State health departments to establish proper bureaus for 
stream-pollution control. Another bill provided for control of stream pollution 
by the United States Army Engineers. Hearings were held on all these bills 
during March, April, and May, 1936, but none of the measures providing for 
national control of stream pollution was enacted by the Congress. 

The Cincinnati-Louisville group associated with Mr. Bettman has furnished 
the motivating force to bring to a focus before Congress all the happenings in 
the Ohio Valley with respect to stream pollution in the past decade. The 
hearings on the Vinson-Barclay Bill make out a strong case for a moderate 
type of control, placing in the U. 8S. Public Health Service the functions of 
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investigation, planning, and recommending action but retaining to the States 
the active control of stream pollution. This appears to be the wisest type of 
procedure at the present time. 


Orner Factors BEARING ON POLLUTION CONTROL 


Mention has been made of the Board of Health Commissioners, Ohio River 
Basin, which is made up of the State Health Commissioners of States in the 
Basin. Under authority of this voluntary co-operating group of public health 
officials, the Ohio River Board of Engineers has thus far carried out the technical 
work and studies incidental to reducing sewage and industrial pollution within 
the Ohio water-shed. Certain points were stressed in the engineering report 
dealing with sanitary conservation of the water resources of the Ohio River 
Basin made to Mr. Bettman on January 18, 1936, which are worthy of mention. 
The engineers listed the priority of uses of the Ohio River in general as follows: 
(1) Public health; (2) drainage; (3) navigation; (4) industry; and (5) recreation. 

Among general remedial measures, two important points are stressed: 
“Interlocking factors” and “low-water control.” The following quotation is 
from that report: 


“Interlocking Factors: Improving the sanitary condition of the Ohio River 
in a way best serving the public interests is not confined merely to the treat- 
ment of pollution, which, in fact, is only one of the elements of a comprehensive 
plan. In the past such problems were approached from a single viewpoint. 
But the Water Resources Board have clearly shown in their reports the inter- 
relation of other factors ‘to secure the greatest total benefit from the natural 
resource,’ and, on the other hand, to make the cost of each component benefit 
less than it otherwise would be. 

“As to sanitation, the chief factors are (1) adequate purification of public 
water supplies, (2) the interception and treatment of sewage and industrial 
wastes, (3) reduction of acidity, (4) low water control, (5) construction and 
operation of navigation works, and (6) the malign or beneficial influence of 
tributaries. 

“Low Water Control: Streams in a natural state are subject to a wide range 
both in stage and discharge because of the wide variation in rainfall. So far 
as sanitation is concerned the low flows of summer are the critical times for 
. stream pollution of organic origin, because of lack of diluting water and high 

temperatures fostering decomposition. Ofttimes quite expensive treatment 
plants are required to prevent harmful pollution during such critical times. 
Therefore, means for augmenting these natural low-flows make possible econ- 
omies in the treatment of pollution. 

_, “In accordance with Document 308, U.S. Army Engineers, and other author- 
izations of the Sixty-Ninth Congress, many studies have been made for flood 
control reservoirs and some of these have been designed for low water control, 
that is to say, for the retention in the reservoir of sufficient water to be released 
for augmenting the low flows of the stream below, which will be a material 
benefit to the sanitary condition of the streams. For example, the reservoir 


now being built by the Federal Government on the Tygart River in West 


Virginia is said to be intended to release three hundred and forty cubic feet per 
second of water from July to December. During extreme drought the unregu- 
lated Monongahela River below this reservoir has reached a condition of almost 
no flow. Where, in the public interest, it is practical so to do, flood control 
reservoirs in the Ohio River Basin should be designed to provide for low water 
control. One reason is the actual economies in the reduced cost of treating 
sewage and industrial wastes, and the other, and possibly higher but intangible 


a 
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benefits, through the resulting protection to the public health. Low water 
control is an important factor in sanitary improvement of the Ohio River and 
its tributaries.” 


SUMMARY 


Progress in stream-pollution control in the Ohio River Basin may be sum- 
marized as follows: 


(1) Beginning with the co-operative movement between State Health 
Departments in the Basin in 1924, a “‘water-shed consciousness” was awakened. 
The most recent development is the organization of the Ohio Valley Planning 
Commission, which is working under the auspices of the National Resources 
Committee. 

(2) New sewerage systems and sewage disposal plants to the value of 
$12 000 000 have been built with funds jointly provided by the Federal and 
City Governments in the period, 1933-1936. This represents about 20% of 
the total expenditure necessary to afford primary treatment to all sewage along 
the river. 

(3) The U. S. Public Health Service and various States in the Basin are 
carrying on a joint program to reduce the tremendous pollution caused by 
acid drainage from abandoned mines. A reduction of more than 50% in acid 
drainage is reported from the mines already sealed. The present program is 
financed through the Works Progress Administration. 

(4) Legislation was enacted by Congress in 1936 providing for a compact 
between States on the water-shed, with respect to pollution control and other 
water conservation measures. It is hoped that ultimately an interstate com- 
pact will be drawn up and ratified. Hearings have been held in Congress on 
proposed bills providing for Federal control of stream pollution, and it ap- 
pears likely that a moderate bill, involving co-operation between State and 
Federal authorities, may be passed in the near future. 
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PLANNING FOR POLLUTION CONTROL AT 
PITTSBURGH, PENNSYLVANIA 


By. D; Ez Davis,“ .M. Am. Soc. GC.E: 


SYNOPSIS 


Pittsburgh’s rugged topography creates a complicated sewage disposal 
problem. The heavy acid load in the rivers, largely from mining operations, 
inhibits bacterial growth, prevents a major nuisance, and postpones the attack 
on the disposal problem. Primary treatment plants are indicated as meeting 
the requirements for a considerable period; and sites are available which will 
avoid the expense of costly interceptors and tunnels. River transportation 
can be used for conveying sludge to a central plant for final disposition. 

Decided economies in first cost and in operation can be achieved if the 116 
interested municipalities join forces. Public sentiment would probably © 
support a “clean-up” program; but enabling legislation will be required. 


Competent authorities have stated that the rugged topography of Greater 
Pittsburgh, or Allegheny County, Pennsylvania, and its multitude of govern- 
mental jurisdictions, create one of the most complicated sewage disposal 
problems in the United States. The Allegheny River flows from the north 
30 miles, and the Monongahela River from the south 35 miles through the 
rugged and precipitous hills of Allegheny County to form the Ohio River, 
which flows westerly another 15 miles before leaving the County. Along these 
160 miles of shore line are 116 separate municipalities with a total sewered 
population of approximately 1 200 000, representing one of the most highly 
industrialized sections in the country, sometimes called the ‘‘Ruhr of America.”” 

Although most of these communities are sewered, there is comparatively 
little treatment of the sewage, most of which enters the stream in its raw state. 
To this untreated sewage are added industrial wastes with a population — 
equivalent estimated by the U. 8. Public Health Service to be nearly as great 
as the actual human population of the area. This pollution, at times, exercises 
harmful effects down stream, such that for considerable periods the bacterial 
counts at East Liverpool, Ohio, Steubenville, Ohio, and Wheeling, W. Va. 
(and in the Ironton-Portsmouth District, in Ohio, possibly affected in part by © 
the sewage of Pittsburgh) are among the highest in the country. Comment- _ 
ing on this situation, H. R. Crohurst, Senior Sanitary Engineer in Charge, 
U.S. Public Health Service at Cincinnati, has stated: 


“Only by constant and efficient supervision of plant operation has it been — 
possible to procure a water of the desired bacterial quality with the rapid — 
changes in raw water. While it has been possible up to the present time to 


1s Engr. (The Chester Engrs.), Pittsburgh, Pa. 
16 Unpublished report. 


January, 1938 STREAM POLLUTION 51 


produce satisfactory water supplies from the upper part of the Ohio River in 
spite of the excessive pollution, for the reasons as outlined urban population 
and sewage pollution will in a.comparatively short time increase to the point 
where it will be impossible, with all present known methods of water treatment, 
to produce at all times a water safe for domestic use in these downstream 
communities.” 


Estimates indicate that a flow of approximately 9 000 tons of acid (as pure 
sulfuric acid) passes Pittsburgh daily, which causes economic loss to steel 
barges, pipe lines, concrete work, and other structures subject to acid attack. 
The Monongahela River is highly acid most of the time and the Allegheny 
River (up to Freeport, Pa.) much of the time during the summer. 

It would appear, therefore, that there is a condition requiring early and 
urgent consideration; and that if steps are to be taken to clean up the Ohio 
River and its tributaries, Greater Pittsburgh, at the head of the river, should 
be one of the first communities to place its filth under control. 


EARLY PoLuLuTION STupDIES 


Although there is evidence that the general public is becoming increasingly 
interested in a general clean-up program, it has not yet evidenced its concerted 
intention to act. However, its representatives in the various State and 
National Health Departments have been alive to the problem, and as early as 
1910 the Pennsylvania Health Department ordered Pittsburgh to present a 
report on a plan for disposing of its sewage. This report was prepared and 
presented in 1912, and was followed in 1916 by the classic report of the U. 8. 
Public Health Service on “A Study of the Pollution and Natural Purification 
of the Ohio River.” Again, in 19381-1932, this Service co-operated with the 
Health Departments of the various States along the river in the conduct of a 
similar co-operative study of pollution, the results of which are not yet pub- 
lished. In February, 1936, the Ohio River Board of Engineers enunciated 
the following policy: 

“Byery sewered municipality of reasonable size should have a compre- 
hensive plan of sewerage approved by the State Health Department and should 
diligently proceed, within limitations of financial ability, to construct the 
intercepting sewers. The larger communities, and those situated within 
harmful influence of water works’ intakes, should be the first to install treat- 


ment works to effect at least efficient removal of settleable matter. Thereafter, 
but as soon as possible, the smaller municipalities should do likewise.” 


When, in 1933, Federal funds were being made available for various local 
projects, W. L. Stevenson, M. Am. Soe. C. E., Chief Engineer of the Pennsyl- 
vania State Department of Health, urged on the officials of the City of Pitts- 
burgh the desirability of a study of its sewage disposal problem. As a result, 
the Metropolitan Drainage Survey was initiated under the general direction 
of Charles M. Reppert, M. Am. Soc. C. E., Chief Engineer of the City of 
Pittsburgh, and continued under his successor, Henry D. Johnson, Jr., Assoc. 
M. Am. Soc. C. E. Although the population embraced within the City of 
Pittsburgh proper represented about one-half that in Allegheny County (or 
Greater Pittsburgh), it was realized that it would be inexpedient for the City 
to attack its problem independently, without knowledge of its effect on the 
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county-wide situation; and that in any case it should have a picture of the 
problem in its entirety and the City’s relation thereto. Consequently, the 
study covered the entire County or Metropolitan Area. 

The report of 1912 had not been wholly fortunate in its reception, since it 
had left the impression that the costs of sewage disposal were excessive. Its 
study was based on “considering only those methods which will be reasonably 
efficient and certain in stopping the passage of infectious matter.” Estimates 
were prepared for separate sanitary sewerage systems for all river communities 
within Allegheny County (above Neville Island, Pa.), and for long interceptors 
and tunnels terminating in a pumping station delivering to a central complete 
treatment plant on Neville Island, about six miles below the “Golden Triangle.” 
The total cost for Pittsburgh was estimated at $37 300 000, and for the County 
as a whole (above the Island) at $57 000 000, which, in terms of present-day 
prices, would be at least doubled. Naturally, this huge cost imposed an 
effective brake on affirmative action. 


Tuer METROPOLITAN DRAINAGE SURVEY 


Since 1912 material changes have altered the aspect of the problem. The 
use of combined sewers in handling dry-weather domestic sewage flows is 
better understood and more commonly practiced; the rivers are more com- 
pletely canalized; Neville Island is now largely occupied by industry, and hence 
not available as a sewage plant site; acid waste discharge has increased; and 
the Health Department Engineers now consider simple primary treatment of 
sewage as being generally adequate, at least as the first step in the clean-up 
program. These changed conditions counseled a completely fresh approach 
to the problem. 

In assembling the fundamental design data for the new study, it was 
decided to adopt drainage basins as the basic units without respect to their 
relationship to administrative areas. The population within these basins was 
rather accurately determined from the small Census Districts, and from the 


past trend in each basin the population in 1970 was predicted; a correlation 


between water pumpages and sewer weirings in typical sewers supplied infor- 
mation as to probable sewage flows; and field surveys were made of possible 
plant sites and intercepting sewer locations. 


INFLUENCE or AciD ON NATURAL PURIFICATION OF STREAMS 


Concurrently, studies of the bacteriological and chemical conditions in 
the rivers were undertaken to determine the degree of treatment which might 
be required at different times of the year, and under varying conditions; as 
well as to develop a standard by which the degree of improvement provided 
by future plants might be measured. A problem special to this area was 
posed by the relatively large acid content of the streams and its marked effect 
on the process of natural purification in the rivers. It was found that the acid 
appeared to inhibit and postpone the normal processes. Although this action 
was locally beneficial, minimizing nuisances that might otherwise be expected 


ae 


a 


to occur, it did not eliminate the offensive organic matter, but merely trans- — 
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ferred it down stream for the resumption of normal processes in the reaches 
where alkaline conditions were restored in the river. 

Naturally any change in the acid content by dilution water from the new 
flood-control reservoir on the Tygart River, or from others to be constructed 
later, or by acid elimination through mine sealing, might have a marked 
effect on nuisance conditions at Pittsburgh. A comparison between the 
Pittsburgh and the Cincinnati-Louisville observations, for 1914 and 1930-1932, 
yielded valuable information as to the effect of acid on the inhibition of self- 
purification, and of the degree with various concentrations. Except for the 
amount of acid and the quantity of flow, the conditions in these two districts 
are substantially similar, since the rivers are fully canalized and the effects of 
sedimentation in these enormous settling basins are somewhat alike. Table 5 
indicates the marked differences in the condition of the river water in the two 
districts for low-flow periods. 


TABLE 5.—Comparison or River Conpitrons IMMEDIATELY BELOW 
PiTTsBuRGH, Pa. (1932) anp CIiNcINNATI, Onto (1930) 


(Results expressed as monthly averages) 


MerHyi Fivr-Day DIssOLVED 
SrreamM Fiow, ORANGE Bro-CHEMICAL OXYGEN, B. Coli Inpex 
IN ALKALINITY, OxyGcEn Dremanp, In Parts PER 100 Cusic 
Srconp-FE2tT In Parts In Parts PER CENTIMETERS 
PER MILLION PER MILLION MILLION 
Month 
Pittsburght 
Pitts- | Cincin-] Pitts- | Cincin--—————| Cincin- raaee Cinein- Rae Cine: 
burgh*| nati |burghf] nati Galoon lence nati urght| nati urg, nati 
lated | tual 
September .| 1610] 4830 3.4 66 35 0.2 3.5 0.8 22 345 160 000 
Oetcber ak .-| 2940] 3360 4.5 78 19 1.2 4.0 4.9 2.94 237 415 000 
November..| 18 900 | 5 570 10.7 72 3 3.1 5.5 10.9 7.58 | 8970 | 1441000 


* Seven miles below the confluence of Monongahela and Allegheny Rivers. 
+ Three miles below the confluence of the Monongahela and Allegheny Rivers. 


The following quotation from a report!” by Mr. Crohurst indicates what 
might be expected if the acid were largely eliminated so that the rivers at 
Pittsburgh would become alkaline: 


“With possibly twice the equivalent sewered population at Pittsburgh and 
much lower flows than at Cincinnati, it is believed that the dissolved oxygen 
would (in Sept. to Nov. 1932) have been entirely depleted in and below Pitts- 
burgh for a considerable distance, if normal river conditions unmasked by 


excessive acidity had existed.” 


Under such conditions it is probable that the stench would be so vile that 
the public would then demand sewage disposal for relief. It seems fair to 
conclude that if acid is materially reduced during low-flow periods, nuisance 


conditions will unquestionably develop. 


17 Unpublished report. 
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Errect oF SLUDGE ON Down-STREAM WATER SUPPLIES 


The U.S. Public Health Service report also emphasized the fact that the 
critical period for down-stream water plants is that immediately following a 
rise in the river with velocity sufficient to scour out accumulated sludge banks. 
At such times there is a precipitous increase in bacterial counts, and the 
pollution load on the down-stream plants becomes excessive. The minimum 
effective program of sewage treatment would be that afforded by primary 
sedimentation plants, which would remove the settleable solids now forming 
the sludge banks. At the same time this would prevent local nuisances, and 
remove the wave or “slug” of pollution which now moves down river with 
freshets. The general clean-up plan was based on the construction of primary 
plants as being adequate for present requirements. 


Puysicat Aspects or ProposED TREATMENT PLAN 


The development of the physical aspects of the plan was largely dictated 
by the unusual topography of the district. Recalling the 160 miles of shore 
line, it may be realized that if an effort were made to concentrate the sewage 
at relatively few sites, the costs of interceptors and pumping stations would 
be enormously expensive. Most of the communities in Allegheny County 
extend up the hillsides back from the rivers, and their major sewers traverse 
the valleys of minor streams to their outlets in the rivers. Surveys revealed 
that sites could be found at or near the mouths of many of these streams, and 
that the problem could be solved by the construction of not to exceed thirty-six 
plants. Further study may show that this number can be somewhat reduced. 

Primary treatment plants would incorporate mechanical screens, sludge 
grinding, detritors, plain sedimentation with mechanism for gathering the 
sludge, pumps, sludge digestion tanks, and provisions for chlorination, when 
and if necessary. At a comparatively small increase in cost, chemical treat- 
ment could be added and peak-load conditions met, should experience indicate 
the need. Sludge beds would be eliminated at the individual plants in the 


interest of economy in construction and operation, as well as for the conserva- . 


tion of expensive space. The digested sludge would be delivered by gravity 
directly to barges (similar to those now in use for transporting gasoline) at 
loading docks adjacent to the plants, for delivery to storage tanks at a central 
sludge disposal plant equipped with vacuum drying and incineration facilities. 
Ample storage would be provided both at the individual plants and at the 
central plant, so that the barge fleet could be removed from service during 
two or more months in the winter when the rivers might be partly covered by 
ice, and to permit vacations and fleet repairs. 


EconomIEs IN County-WIDE PRoGRAM 


The necessary interceptors, diversion and control chambers, pumping 
stations, treatment plants, barge fleet, and central sludge disposal plant, to 
afford primary treatment for the sewered communities along the three main 
rivers and their minor tributaries in Allegheny County, can be constructed 
for less than $20 000 000. The possible reduction in number of plants, by 
re-grouping, in the interest of reduced operating expenses, might affect this 


5 
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estimate; but in a general way it serves to fix the scale and magnitude of the 
task. Decided economies are made possible by approaching the problem on 
a county-wide basis; for the low-cost river transportation of sludge can thereby 
be taken advantage of, and the single sludge disposal plant can be made 
available at a fraction of the cost of equivalent facilities provided by each 
community on its own responsibility. Moreover, the cost of a few large 
primary treatment plants, each serving an entire drainage basin, is less than 
that of a multitude of small plants, each serving a separate community. The 
project lends itself to unified direction and group operation, making possible 
expert technical supervision that, on a shared basis, will be better in quality 
and lower in cost than would likely be possible to individual municipalities. 

The studies indicate that the proposed method of treatment would increase 
the oxygen content of the river at all times and would remove the danger of 
an oxygen deficiency at Pittsburgh. (Such a deficiency existed for a short 
period during the 1930 drought.) It is believed that this degree of treatment 
should suffice for an extended period. If secondary treatment should later be 
found advisable, the primary plants could continue to function as such; and a 
number of secondary treatment works could be provided, each of which would 
handle the pumped effluent from a group of primary units. There are six 
prospective sites, scattered over the area, which, in their present state of 
development, would prove acceptable locations for such secondary plants. 

Such an expenditure ($20 000 000) is not an unreasonable price to pay for 
sewage treatment at Pittsburgh, in view of the benefits that it would confer— 
the removal of foul local nuisances, the reinstatement of river recreation as a 
relatively safe diversion, and the “good-neighbor’”’ service of improving the 
quality of the raw river water for down-stream communities. By way of 
comparison, it may be pointed out that the estimated cost of sewage purification 
is about four times the cost of the George Westinghouse Bridge and its ap- 
proaches, and about one-fourth the sum that would be necessary for reproducing 
the water-works systems in Allegheny County. 


THe PROBLEM OF STIMULATING PUBLIC INTEREST 


It is one thing to indicate the nature and extent of a problem and the 
means to its solution, but it is quite another matter to bring it to execution. 
The need is present, and the practical question turns on the best way to achieve 
the desired clean-up. It is obvious that without the whole-hearted approval 
of the general public, little can be accomplished. The first job is to overcome 
the apathy of the electorate and to carry home the realization that civic 
morality requires that communities dispose of their waste products without 
endangering health, or occasioning undue financial burdens on their neighbors 
below. 

Time was when the drinking of unfiltered water was the general rule, and 
water-borne disease stalked the land. The great majority of filtration and 
water purification plants in the United States have been built within the easy 
recollection of men now in their prime. When the public became convinced 
that the dreaded typhoid fever was a water-borne disease, potentially affecting 
the health of each member of the community, it did not require much argument 
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to develop the conviction that pure water was cheap at any price. The small 
increase in the water rates was much less than the ever-possible doctor and 
hospital bill. This was personal knowledge and elementary financial common 
sense. 

The case for sewage purification, however, is not made out so easily. 
Many communities are not moved to the building of disposal plants until 
threatened with damage suits by lower riparian owners; then it becomes a 
nice calculation as to whether it is cheaper to build a plant than to pay damages. 
Few communities treat their wastes solely for the altruistic purpose of bettering 
the river for the water plants of communities below. They have projects 
that are much nearer their hearts and pocket-books—school houses for their 
own children, better streets for their personal automobiles, and bridges for 
streams which they themselves must cross frequently, are tangible goods 
whose benefits are obvious to those who pay the bills. Until these pent-up 
demands have been at least partly satisfied, the voter can hardly be expected 
to be enthusiastic about the disposition of his waste products unless they 
assail his nose or threaten his bank account. However, there is much evidence 
to the effect that these insistent needs have now been pretty generally satisfied 
in most communities, and if (as is predicted), the growth in population should 
soon slow down or even cease, the usual outlets for public moneys may dry up, 
and funds may be available for projects previously regarded as luxuries. 

Increasing leisure for healthful outdoor pursuits should stimulate interest 

in cleaner streams. Fishermen are not greatly interested in cleaning up 
streams in some other taxpayer’s county, but if they could be brought to 
realize that fishing could be made good in their own vicinity, they might be 
more willing to loosen up on their own purse strings. 
_ The rivers here under discussion flow through a territory peculiarly devoid 
of lakes. However, the Ohio River and its main tributaries are fully canalized, 
and during low-flow periods in the summer are to all intents and purposes 
long inland lakes, whose waters are usually quite clear. Under Health Board 
control, they would lend themselves admirably to water diversions of all 
kinds, were the conditions more propitious. Bass could be caught at Pitts- 
burgh less than forty years ago, and if the conviction and fear of disease were 
not generally prevalent, it is probable that the streams would be alive with 
recreational enthusiasts. Wind currents are known to carry the sewage of 
some communities past their own water-works intakes, thus placing an undue 
load on water purification processes. These are all valid arguments for affirma- 
tive action, and there is good reason to believe that the public might be appealed 
to on grounds of its own self-interest as to the value of clean streams. The 
first job then is to convince the public of its obligations, the honoring of which 
will yield dividends in health and recreation. 

The absence of fish in the Upper Ohio River is very largely attributable 
to acid wastes, mostly from abandoned mines. The responsibility for its 
removal is obviously that of the State and National Governments. The mine- 
sealing program now in progress in the Ohio River Basin gives promise of a 
material reduction in this highly objectionable waste. 
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Co-operative agreements between industries and State Health Departments 
have been effective in setting up research programs within the affected in- 
dustries, looking to the profitable reclamation of by-products which formerly 
polluted the streams. These programs should be expanded, but, in addition, 
legislation similar to the Lonergan or Barclay Bills should empower the policing 
of recalcitrant industries. Preferably this clean-up should be on a broad 
geographical basis, so as not to impose unfair competitive burdens on industries 
complying in good faith. 


SewacEe Disposat a MunicrpaL RESPONSIBILITY 


The disposition of human wastes, which represent the preponderant source 
of pollution, is squarely up to the various communities. It is apparent that 
in the Pittsburgh District, the most economical and only practical way of 
accomplishing this result is by bringing all the communities together in a 
co-ordinated body, such as a sanitary district. This will require enabling 
legislation, since the job of coaxing voluntary co-operation among 116 separate 
jurisdictions is humanly out of the question. A few communities have worked 
out joint compacts for the construction of intercepting sewers, but the negotia- 
tions covered an extended period and the method proved unwieldy in the 
extreme, and would not apply to Allegheny County as a whole. 

In 1927, the Pennsylvania Legislature passed a bill permitting a ‘“Metro- 
politan Plan” for Greater Pittsburgh, embracing Allegheny County as a whole. 
Had this been adopted, it would have provided for numerous projects which 
would lend themselves advantageously to joint effort in their execution. 
However, it failed of ratification on the two occasions when it was presented 
to the voters. The 1935 Legislature passed a Municipal Authority Act with 
the intent of permitting somewhat more liberal methods of financing than 
those now available, so that many governmental jurisdictions could participate 
in improvements by accepting the financial co-operation of the Federal Govern- 
ment. This would have permitted the issuance of revenue bonds and the 
assessment of charges for service rendered (such as sewer rentals), but the 
provisions as to new projects terminated in 1937, without any action having 
been taken. 

There is no reason to believe that the Legislature cannot provide means 
for creating the necessary machinery for advancing a unified program. The 
minimum provisions should incorporate joint ownership of the facilities, 
power of compulsory assessment (preferably of sewer rentals) for construction 
and operation by the central representative executive group, the right to issue 
revenue bonds, and preferably a provision for administration on a Civil 
Service basis. 

CONCLUSION 


The Pittsburgh study indicates that the rivers in its vicinity can be cleaned 
up at a reasonable cost for initial construction and for operation. It is believed 
that on a fair presentation of the problem, the public may be prepared to 
sanction an adequate disposal of its sewage, and that the requisite legislation 
may be had to effect this result. 
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STREAM POLLUTION PROBLEMS AT 
CINCINNATI, OHIO 


By J) E. Roor,1® M.’AMMS6c. °C... E: 


SYNOPSIS 


The nuisances created by sewage and industrial wastes as they have 
affected the condition of the Ohio River have been under observation since 
1908. From time to time remedial measures have been recommended. Due 
to the fact that the river for the most part is the boundary line between a 
number of States, a correction of the pollution problem will require the joint 
co-operative action on the part of these States, ora number of them. Complete 
canalization of the Ohio River further complicates:the problem, as do floods 
and extreme periods of low flows. The paper for the most part deals with 
river conditions within the Cincinnati Metropolitan Area. 


Pollution of the Ohio River has received almost continuous public attention 
since 1908, when the subject was first investigated by a Joint Ohio River 
Sanitary Commission composed of representatives from Pennsylvania, West 
Virginia, Kentucky, Ohio, and Indiana. The general conclusion of the 1908 
and 1909 investigations!® was ‘‘* * * that the Ohio River is generally of ob- 
jectionable appearance, is frequently very turbid, carries high color in the fall, 
and must be purified before being used for public water supplies.”’ The river 
water was found to be “grossly polluted at many points along its course,’ and 
it was stated that the pollution was becoming more pronounced and more 
dangerous to the health of the inhabitants of Ohio River cities. A resolution, 
adopted at a meeting of the Joint Commission on December 1, 1909, recom- 
mended that the various municipalities along the Ohio River using the river 
as a source of water supply take immediate measures to discontinue the 
discharge of unpurified sewage into the stream. 


EAr.ty INVESTIGATIONS 


For the City of Cincinnati, J. W. Ellms, M. Am. Soc. C. E., as Super- 
intendent of Filtration at the Water-Works, in 1910 and 1911 investigated 
the condition of the Ohio River water from the water-works intake up stream 
from the city proper to Fernbank Dam, about 20 river-miles down stream 
from that point. As to the effect of the sewage from the Metropolitan Cin- 
cinnati area upon the general quality of the Ohio River water and the in- 
fluence of the Fernbank Dam, when in service, upon the water, Mr. Ellms 
summarized” in part: 

18 Director, Dept. of Public Works, Cincinnati, Ohio. 


19 Rept. of the Commissioner of Health, State of Pennsylvania, 1909, Pt. IT. 


20 Rept. on Investigation of Ohio River at Cincinnati, Seventy-Second Annual ' i 
Works Dept., City of Cincinnati, Ohio. nA Rept ot ee 
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“The quality of the Ohio River water entering the Cincinnati intake is 
subject to considerable variation, showing the greatest degree of contamination 
during flood periods. 

“In general, the water at the intake was of better quality during the period 
the Fernbank Dam was in service than for the most comparable period of 
low water in 1911 preceding its completion. 

“An exception to the above general statement is required for a brief period 
during which the dam was in service, because of a sudden rise in the Little 
Miami River, which, in discharging large volumes of water into the Ohio, 
retarded the flow of the latter, and even produced a back flow of water toward 
the intake, temporarily causing an inferior and somewhat more contaminated 
water to pass into the intake. 

“The present contaminated condition of the Ohio River water which 
passes into the Cincinnati intake, whether under normal or abnormal condi- 
tions, need not be feared by consumers so long as the present purification 
plant is carefully and efficiently operated, since the river water can be clarified 
and purified and rendered a perfectly safe drinking water by the processes 
employed.” 


During July, August, September, and the first week of October, 1911, 
J. A. Cravan, Water Chemist of the Indiana State Board of Health, made a 
sanitary survey of the Ohio River between the Ohio State line and the Illinois 
State line, a river distance of 360 miles. In general, Mr. Cravan’s investi- 
gation”! indicated: 


“(a) That the dissolved oxygen in the river water is not progressively 
depleted from Cincinnati to the Illinois State line. 

““(6) That the bacterial content of the water between the same points is 
not materially higher than at the Cincinnati Water Works intake. 

“(c) That the river water soon recovers a substantial proportion of the 
dissolved oxygen lost in its passage through the Cincinnati pool.” 


Under the direction of Henry M. Waite, M. Am. Soc. C. E., City Engineer 
of Cincinnati during 1912 and 1913, as part of a comprehensive plan of sewerage 
for the city, studies were made for sewage treatment and disposal, and a system 
of intercepting sewers was developed with outlets that could be adapted to a 
number of possible plans for sewage treatment. The problem of sewage 
treatment and disposal was investigated by the late Harrison P. Eddy, Past- 
President and Hon. M. Am. Soc. C. E. His report,” entitled ‘‘Report upon 
Necessity and Feasibility of Treating the Sewage of Cincinnati Before Its 
Discharge into Ohio River,”’ was filed with the City in the latter part of 1913. 
Mr. Eddy based his studies of the problem upon two main considerations: 

“Pirst.—Consideration of the character of the water as it reaches Cincinnati, 
and the effect of the sewage and wastes discharged inte the river above the city. 


“Second.—The effect of the sewage discharged by the cities and towns 
in the immediate vicinity of Cincinnati, herein designated the Cincinnati 


District.” 
The general conclusion of the report may be summarized in the following 
quotation: 


“Tn view of the fact that it does not appear that sewage treatment will 
be necessary at Cincinnati for a number of years, it does not seem wise to 


21 Indiana State Board of Health (unpublished). J 
22 Rept. on a Plan of Sewerage, City of Cincinnati, 1912-1913, p. 295. 
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recommend any specific method of treatment or that any site be secured for 
a treatment plant. Methods of sewage treatment have been improved, and 
new methods have been devised during recent years, and much further im- 
provement may reasonably be expected during years to come. It would, 
therefore, seem idle to take steps at this time which would commit the City of 
Cincinnati in any way to a particular method of treatment. It is necessary 
and wise, however, to so plan and lay out the system of intercepting sewers 
which may be built from time to time that they may be brought together in 
harmony with any method for the treatment of sewage which may be adopted; 
and should it later prove advisable to intercept the sewage along the Ohio 
River, before a sewage treatment plant is needed, the site on which such a 
plant is to be built should then be selected so that the intercepter may be laid 
out with a view to conveying sewage to that site. 

“From these investigations, the conclusion is that Cincinnati is not at 
present justified in going to the expense of building and operating a sewage 
treatment plant, since the benefits derived therefrom would not be com- 
mensurate with the expense.” 


From July, 1913, until December, 1916, the Ohio River was subjected by 
the U. S. Public Health Service to special study as a type of large inland river 
presenting a complex and difficult problem in the control of sewage pollution. 
The purposes of this study” were: 


““(1) To give a quantitative statement of the pollution of the river in 
important zones, as existing at the time of the study, with such evaluation 
as possible of the relative importance of individual sources or units in con- 
ete to this pollution, and of the relation of the conditions to the public 

ealth. 

“(2) To furnish the basis for estimating with reasonable precision the 
changes in status of pollution which may be expected in the future to result 
from a given change in one or more of the factors concerned; as, for example, 
from a given increase in the various units of population, or from a given 
reduction in the polluting effect of their sewage by artificial treatment; or 
from changes in the velocity of flow, due to the construction of additional 
dams, as now projected, for improvement of navigation. 

‘(8) To investigate the possibility of establishing definite quantitative 
relations between the intensity of pollution, as measured by various laboratory 
tests, and such obvious factors as are readily determinable by field surveys. 
Especially has it been the purpose, in this connection, to make a quantitative 
study of natural purification as related to time of flow, temperature, and other 
determinable factors of presumptive importance.” 


THE ReE-SurveEy or 1930 


At the time this study was made seventeen of the proposed fifty navigation 
dams were completed and in operation. Dam No. 37 of the series, at Fernbank, 
forms the Cincinnati pool. After complete canalization of the Ohio, the 
U. 8. Public Health Service made a re-study*4 during 1930 of that section of 
the stream between Dam No. 36 (above Cincinnati) and Dam No. 43 (about 
twenty miles below Louisville, Ky.), a river length of about 164 miles. The 
re-study was to determine: 


_ “() The extent to which the normal increase in population and changes 

in industrial activities during the intervening 15 years would be reflected by 

CE EERE SUSE PRM IRL TEL Ni BE ha a et 
%*A Study of the Pollution and Natural Purificati io River,” i i 

Pics Ree aR and Natural Purification of the Ohio River,” U. 8. Public Health Service, 
% U.S. Public Health Bulletin No. 204. 
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changes in the sanitary condition of the stream as indicated by differences in 
the chemical and bacteriological findings. 

(2) The effects of canalization during periods of high water temperature 
and low stream discharge when the sewage and wastes flowed through a series 
of pools below the points of discharge. 

“(3) The present sanitary condition of the river, making possible a com- 
parison of probable conditions in 1930 as forecast by the data collected in 
1915, with conditions as they actually existed in 1930. 

“(4) Possible differences in the rates of chemical and bacteriological 
changes indicated by the two sets of observations as a result of changes in the 
amount and character of the pollution and in channel conditions.” 


The effect of canalization, as indicated by the re-study, is summarized 
in the following quotation from the printed report :%4 

“Canalization, at least between Cincinnati and Louisville, has had a 
tendency to complicate rather than simplify the problems connected with 


sewage disposal, possible nuisance production, the operation of water-treatment 
devices, and the preservation of the public health.” 


PoLLUTION ConTROL Requires Co-OpERATIVE ACTION 


Parts of fourteen States lie within the Ohio River drainage area. The 
drainage area above or to the east of Cincinnati is approximately 76 300 
sq miles, or slightly less than one-third the total area of the basin. When 
the Ohio River leaves the State of Pennsylvania it forms the boundary line 
between the States of Ohio, Indiana, and Illinois on the north, and the States 
of West Virginia and Kentucky on the south. To correct a bad condition 
along this river, such as pollution, therefore, becomes an inter-state problem. 
Actually, all the States in the water-shed share a responsibility and are con- 
tributors toward the creation of this undesirable river condition. Since 1935 
considerable publie agitation has developed demanding that proper corrective 
measures be taken. These demands were presented to the Second Session 
of the Seventy-Fourth Congress, with the result that in June, 1936, a Joint 
Resolution was passed enabling certain States—including Pennsylvania, West 
Virginia, Kentucky, Indiana, Illinois, Tennessee, and Ohio, or any two or 
more of them—to negotiate and enter into agreements or compacts for con- 
serving and regulating the flow, lessening flood damage, removing sources of 
pollution of the waters thereof, or making other public improvements on any 
rivers or streams whose drainage basins lie within any two or more of the 
specified States. 

Since the passage of the Federal resolution, a number of the States have 
arranged for and appointed Commissioners to meet jointly with Commissioners 
from the other Ohio River States. At the present time (1938), therefore, 
there is in the making the possibility of joint State action which may eventually 
lead to definite plans for pollution control. 

Whatever the problem of stream pollution may be for Cincinnati, the 
measures required for its correction cannot be accomplished by the City of 
Cincinnati acting by itself; for the Metropolitan District consists of a number 
of politically independent incorporated cities and towns—about twelve north 
of, and ten south of, the river. The problem calls for inter-city as well as 
inter-state co-operation. Conversely, what the City of Cincinnati does or 
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fails to do which may result in the creation—or, more correctly, the re-creation 
—of the pollution problem in the Ohio River is the co-operative negligence of a 
large metropolitan district with a total population of approximately 700 000, 
of which number approximately 470 000, or about 70%, are within the corporate 
limits of the city. 

Each investigation of river conditions, from the first in 1908 to the most 
recent in 1930, established the fact that the Ohio River on its arrival at the 
eastern edge of the Metropolitan District was a polluted stream. In part, 
therefore, the conditions at Cincinnati are the result of negligence on the part 
of others up stream, not only on the Ohio River proper, but on practically all 
its tributaries; and an equitable solution for the problem at Cincinnati must 
pre-suppose that equal corrective measures will be taken on the part of those 
responsible for the polluted condition of the water as it enters the district. 


THe Errect or CANALIZATION 


Canalization of the Ohio River has intensified the pollution problem. 
The Cincinnati pool is created by Dam No. 37, located at approximately the 
most westerly corporation limits of the city. This pool extends twenty miles 
up stream to Dam No. 36, which is approximately at the most easterly corpo- 
ration limits of the city. The business or central district of the city is about 
equi-distant from the two dams, and on the Kentucky side, the center of the 
developed area is at about the same point. Maximum pollution, therefore, 
occurs in the river near the central section of the city as well as of the Metro- 
politan District. 

For navigation purposes the crest of Dam No. 87 is at such elevation that 
a minimum stream depth of 9 ft obtains at the easterly end of the pool. A 
rough estimate of the quantity of water in this pool at a time of zero velocity, 
is 16 000 000 000 gal. During periods of continued dry weather the minimum 
quantity of stream flow at times may be less than 3 400 cu ft per sec. For 
five months—July to November, 1930—during an investigation made by the 


U. 8. Public Health Service, the average monthly stream flow was 5 000 cu ft. — 


per sec. The time required for water to pass through the Cincinnati pool, 
at periods of minimum discharge in 1930, was on the average 56.6 hr, or more 
than 23 days. For the extreme minimum monthly average stream discharge 
(October, 1930) it was estimated that the time required was in excess of 100 hr, 
or more than 4§ days. At times of low flow, therefore, the pool acts as a 
receiving and settling tank for the sewage and the industrial and commercial 
liquid wastes from the Metropolitan District; and decomposition soon takes 
place and offensive odors are produced. There are extended periods during 
the summer and early fall months when the pollution from the Metropolitan 
District has a marked effect on the river at Cincinnati, and at such times the 
dissolved oxygen in the water has sometimes been completely exhausted. 


OrHEeR Factors 


The selection of possible sites for sewage treatment works will be no small 
problem. The Ohio River channel within the Metropolitan Area, is of com- 
paratively recent geological origin. It is narrow, its banks are steep, and 
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there are few low areas of sufficient acreage to accommodate works of the 
character required. When the comprehensive sewerage plan was investigated 
in 1912 and 1913, just five locations were considered suitable for treatment 
plant works. Since then the new Cincinnati Union Terminal has taken 
possession of one of the areas, and the Municipal Airport has acquired a second. 
Moreover, one of the remaining locations is near the Great Miami River, 
about sixteen miles from the central section of the city. To take care of the 
pollution on the Ohio side of the river, at Cincinnati, would require works 
costing approximately $15 000 000. 

Another factor requiring thoughtful consideration as a part of the pollution 
problem is that of floods in the Ohio River. The U.S. Weather Bureau Office 
at Cincinnati has records of river stages from June 1, 1858, to date (January 1, 
1938). In this 80-yr period, the maximum flood height was slightly less than 
80 ft (79.99 ft at 4 A.M. January 26, 1937); the next highest flood reached 
approximately 71 ft (February 15, 1884, 71.06 ft); and the third highest was 
just under the 70-ft stage (69.8 ft, April 1, 1913). The records indicate twelve 
floods of 60 ft or more during the eighty years, or an average of one such flood 
every seventh year. To the city, the physical effects of flood waters begin to 
be felt at an elevation of about 50 ft. Such a flood may be expected to occur 
once every sixteen months. 

CONCLUSION 


In conclusion, it may be stated that the Metropolitan District, of which 
Cincinnati is the largest urban area, realizes that the Ohio River during six 
months of the average year is grossly polluted. To correct, in part or wholly, 
this unfavorable situation will require joint action by many incorporated 
municipalities within the Metropolitan District, as well as by the States of 
Ohio and Kentucky. It is realized, also, that the possible solution of the 
problem will be critically affected by two extreme factors—low dry-weather 
flows and high flood flows. The works required will cost many millions of 
dollars to construct, and no mean sum annually for satisfactory operation. 
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WHAT CAN BE DONE ABOUT STREAM 
POLLUTION? 


By ABEL WOLMAN,”?> M. AM. Soc. C. E. 


SYNOPSIS 


The elements of the stream-pollution problem are reviewed. The possible 
results of activity in the fields of law, science, finance, and administration are 
briefly evaluated. The key to present difficulties appears to be primarily in 
raising money for corrective measures. Opportunities in State or Federal 
subsidies or grants-in-aid are emphasized. 


The revival of interest in the control of stream pollution is one of the sig- 
nificant trends in the field of water resources control. In earlier days, naviga- 
tion caught the public eye and for many years dominated the scene in opening 
up the country. Emphasis then shifted at a later date to flood control. 

One of the national results (and incidentally one of the penalties) of popula- 
tion and industrial growth appears in the present emphasis on the correction 
of stream pollution. To sanitary engineers, particularly those engaged in 
health department practice, this emphatic public interest is somewhat of a 
curiosity, since for several decades one of the primary concerns of health 
departments has been the prevention and alleviation of stream pollution. 
The diagnosis of the causes for this recent and dramatic interest of the public 
in this field would offer in itself an attractive field for research. 

As in all matters of public concern, the answer to what can be done about 
stream pollution will depend upon the experience, training, temperament, and 
prejudices of individuals. Those who have had least to do with the problem 
are prone to over-simplify the solutions, while those who have struggled with 
the issue for a great many years are accused of delaying the wheels of progress 
by being too lax in the enforcement of laws and not active enough in public 
education. Solutions are offered in law, in science, in finance, and in adminis- 
tration. What are the probabilities of success in each of these fields? 

Before attempting to analyze these probabilities, a few general facts should 
be considered. 

The intensity of stream pollution is not nation-wide. It is concentrated 
largely in five or six of the heavy industrial States. Population distribution 
alone controls the localization of the problem. The degree of difficulty varies 
from place to place. Blanket elimination and blanket similarity of approach 
do not seem to fit the case. However, in each area where the situation has 
become acute, in regard to either domestic or industrial waste, the time has 
arrived for a definite position on the part of the people as to the balancing of 
convenience in the use of the stream. 


* Chf. Engr., Maryland State Dept. of Health, Baltimore, Md. 
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‘Many frank critics of the rush toward stream-pollution abatement are 
emphasizing the fact that correction, particularly in reference to industry, may 
militate against the advantage of the region forced to clean up. The weight to 
be given such considerations should be determined in each case upon the merits ~ 
of the facts; that the facts should be adequately balanced should certainly be 
borne in mind. 

Law 


Law enforcement as a device for the control of any difficulty is frequently 
the first recourse of certain groups of individuals. The popular phrase ‘‘there 
ought to be a law” exemplifies this faith in correction by legislative fiat. Ex- 
perience discloses, however, that no greater progress in stream pollution abate- 
ment has occurred in those States where rigid legislation has been on the books 
for many years than where such laws are absent. 

This situation has led some people to suggest that the difficulty lies in the 
inconsistency of individual State Acts. They argue that corrective measures 
are impossible in one State because similar corrective measures are not executed 
in another State. This leads to the further suggestion that the only corrective 
in law is a comprehensive and overlying Federal anti-pollution act. Aside from 
inherent fallacies in logic, many students of the problem believe that such 
Federal legislation is unconstitutional. More important is the belief that it 
would be unwise, not only because the mere passage of an act need not result in 
correcting difficulties, but because the long and time-consuming negotiations 
for stream correction are logical fields for local participation and autonomy. 

State by State progress in stream-pollution control has been uneven, and 
uncorrelated with legislative pronouncements. If anything, it has been related 
primarily to the enthusiasm, ingenuity, and co-operative endeavor of individual 
State departments and of municipalities and industry. 

It is the writer’s opinion that the secret of successful stream-pollution con- 
trol does not reside in the extension of legislative restriction. 


ScrIENnTIFIC KNOWLEDGE 


A review of the record discloses that solutions to many of the problems in 
trade waste treatment and recovery are not yet apparent. In this particular 
field the solution obviously lies in a more intelligent, consistent, and continued 
participation of industry in the search for an answer. Inertia and ignorance 
on the part of industry have perhaps been responsible for more delay and less 
accomplishment in the control of stream pollution than any other factor. The 
industrial sewer has been out of sight and hence out of mind. Industry’s 
wastes have not been one of industry’s major responsibilities. 

However, industry cannot continue to content itself with negative resistance 
to extension of legislative control; it must begin to traverse more positive 
paths toward the development of scientific and economical methods of indus- 
trial waste treatment. On industry rests the responsibility of evaluating its 
contribution to the problem, of determining its method of attack, and of 
demonstrating its willingness to assist in the solution of one of the important 
problems of national economy. American industry particularly cannot afford 
to be accused of being unable to solve the technical problems of waste treat- 
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ment, when its accomplishments in the allied fields of technological production 
have been as varied, as successful, and as inspiring as they have been. 

As for the treatment of domestic wastes, the state of the art is sufficiently 
advanced to require no similar pressure. Obviously, certain technical facts 
are still lacking and scientific diagnoses and procedure still need to be de- 
veloped, but economical and satisfactory processes of treatment are at hand to 


meet the issue. 
Monry 


The key to the primary question of what can be done about pollution, to 
the writer’s mind, lies in money. How can stream-pollution correction best 
be paid for? ‘(Depression thinking’’ has given even greater emphasis to the 
ever-present question of how to raise money for sewage disposal and treatment. 
Such an enterprise is seldom popular, largely because, in most instances, the 
sewage nuisance is remote from the average taxpayer’s eyes and nose; and in 
the years of depression, money for such purposes has become increasingly 
difficult to raise. A revival of a criterion of decency in the American public 
conscience is a first essential, but no less important is the development of 
financial techniques for raising funds. 

Experience since 1933 has indicated how important an impetus may be 
given to sewage treatment plant construction by the artificial device of Federal 
grants-in-aid. More than 25% of existing sewage treatment plants in the 
United States have been constructed since 1933. It is difficult to believe that 
this is the result of chance or of a simple natural process of growth, rather than 
the obvious result of the artificial stimulation of activities in this field by Fed- 
eral funds. The principle of grants-in-aid to stimulate special types of local 
endeavor is of course not new; it has been applied for more than fifty years in a 
variety of highway, navigation, reclamation, public health, and agricultural 
projects. 

This experience leads the writer to suggest that perhaps the most valuable 
stimulus for correction of stream pollution is in the grant-in-aid principle. 


It need not follow, of course, that the grant-in-aid from a Federal Government : 


is a pre-requisite, although it makes for uniformity of action throughout the 
- country. The possibility of extending the State grant-in-aid procedure to 


sanitary projects is an opportunity for real progress. Such a procedure, — 


within the State, again has precedent in the fields of education, agriculture, 
and highways. It has the merit of continuing and preserving the important 
local autonomy and responsibility which concerns so many at this time. 

In other words, if money is the key to stream-pollution control, a central 
stimulation of activity—based, of course, upon a reasonable balancing of 
convenience—offers one of the soundest bases for future success. Correction 
is cheap, as such expenditures go, but the incentive has been missing. 


SUMMARY 


This brief discussion leads to the following answers, positive and negative, 
to the question of ““‘What can be done about stream pollution?” 


(1) Standardization of State laws on the subject is desirable. Too much 


faith in the efficacy of the law, however, is not warranted by past experience, — 
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or the temperament of the American people. If the people are not ready, the 
law fails. 

(2) Industry must show a greater interest in the problem of industria] 
waste. It must demonstrate that it is attempting to find economical solutions 
to these problems. 

(3) State or Federal financial stimulation of sewage treatment plant con- 
struction offers a useful device for increasing the rate of installation of stream- 
pollution corrective equipment. It is perhaps the most helpful direction in 
which progress is to be made. Its political implications and its dangers must 
be carefully scrutinized. With proper control, however, it has demonstrated 
its possibilities of success. 

(4) The permanent control of the situation lies in the co-operative effort of 
the public official, the private investor, and the man in the street. Intelligent 
appraisal of the problem and of the benefits to be derived from its correction 
should be the guide. Hysteria and undue charges in this field, as in any other, 
are not likely to produce permanent answers to the problem. 
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PRELIMINARY DESIGN OF 
SUSPENSION BRIDGES 


By SHORTRIDGE HARDESTY,! M. Am. Soc. C. E., AND 
HAROLD E. WESSMAN,? Assoc. M. Am. Soc. C. E. 


SYNOPSIS 


A rapid and accurate method of analysis for the preliminary design of the 
stiffening trusses of suspension bridges is presented in this paper. The method 
demonstrates clearly the related functions of the cable and the stiffening truss, 
emphasizing the fact that the former is the major structural element and that 
the latter is added to reduce undesirable grade changes. It is useful in deter- 
mining quickly the effect of variations in the proportions, chord sections, and 
materials of the stiffening trusses, of differences in loadings, or of changes in 
major dimensions of the bridge. The proposed method gives results at the 
center and quarter-points which agree closely with those obtained by the 
deflection theory. Typical computations for the Triborough Suspension 
Bridge, at New York, N. Y., accompanied by detailed explanations, illustrate 
the procedure. 


INTRODUCTION 


Description of Method.—Certain types of statically indeterminate structures 
are hybrid’ in their action. Every time a change is made in dimensions or 
design sections, a change occurs in the moments at various sections of such 
structures. The stiffening trusses of a suspension bridge act in this manner. 
Regardless of arbitrary limits imposed upon deflections or grade changes, the 
designer has a choice of many different stiffening trusses; and in some cases, 
with large dead load and small live load, he may omit them entirely, as was 
done in the George Washington Bridge over the Hudson River at New York, 
N. Y. There is a definite need for a rapid method of analysis for preliminary 
design studies of stiffening trusses, so that the engineer may form some intelli- 


Norz.—Written comments are invited for immediate publication; te ensure publication the last 
discussion should be submitted by May 15, 1938. 

1 Cons. Engr. (Waddell & Hardesty), New York, N. Y. 

2 Prof., Structural Eng., Coll. of Eng., New York Univ., New York, N. XS : 

3“'The Relation of Analysis to Structural Design,” by Hardy Cross, M. Am. Soc. C. E., Transactions, 
Am. Soc. C. E., Vol. 101 (1936), p. 1363. 
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gent conclusions as to what happens when he varies the depth or changes 
the chord sections, selects a new sag ratio, changes the weights of flooring, or 
moves main towers and anchorages to different relative positions. Heretofore, 
three methods of analysis have been available, but none of them is satisfactory 
for making rapid studies of a variety of designs. 

The so-called “elastic theory” used in earlier days is obsolete. Its equa- 
tions are misleading and erroneous. True enough, when the structure is very 
stiff, the elastic theory gives results which are not much in error; but, as the 
stiffening truss becomes more and more flexible, the error becomes very large. 
One need only to point to the George Washington Bridge and ask the question, 
“How much error would have resulted if this structure had been designed by 
the elastic theory?” 

The “deflection theory” is usually termed the exact method because it 
accounts for the change in shape of the cable under live load and temperature 
variations and the resulting changes in moments and shears in the stiffening 
truss. The term, “exact,” is relative, however, because, as ordinarily applied, 
the method involves assumptions which result in some error. On the other 
hand, it is much more scientific and accurate than the elastic theory. Unfor- 
tunately, the exponential formulas of the deflection theory require long and 
involved computations. It is necessary to use a computing machine or a table 
of logarithms in order to avoid possibilities of serious error. 

The ‘‘trigonometric series’”’ method is the third method of analysis. The 
equations of this method, which are expressed in terms of trigonometric series 
that converge very rapidly, also account for changes in the shape of the cable. 
Although it is not commonly used, the trigonometric series method has distinct 
advantages over the deflection theory. Non-uniform suspender pull is ac- 
counted for in the determination of the horizontal component of the cable 
stress. What is more important, a slide-rule may be used for practically 
all computations without sacrificing accuracy. This simplifies procedure and 
saves time, but the computations are still lengthy and involved. Conse- 
quently, like the deflection theory, it is not satisfactory for studies of a variety 
of preliminary designs, although it is an excellent tool for the analysis of the 
final design. The trigonometric series method has been extended by the 
writers to provide a basis for precise computations made to support the deriva- 
tion of certain formulas developed in this paper; but this treatment is not 
included. 

In the proposed preliminary design method, the maximum moments at the 
quarter-point and at the center of the main span are computed in two major 
steps: First, the deflections of an unstiffened cable under partial live load, for 
various ratios of live load to dead load, are computed on the assumption that 
the cable length is unchanged and the tower tops do not move. An average 
value of load length is used, which value was determined from a study of the 
load lengths giving maximum moments at the quarter-point and at the center 
of the stiffening trusses of several actual bridges. 

The effect of adding the stiffening truss is then considered. Evidently 
the truss will attempt to conform to the curve of deflection of the cable. It 
will reduce the deflection, however, and assume some compromise position 
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depending upon its stiffness. The bending moment taken by the truss in its 
attempt to conform to the deflected cable will be a function of the maximum 
deflection of the cable at certain points and the truss stiffness. A trial moment 
of inertia is used, and corrected later if found necessary. <A single numerical 
coefficient accounts for non-uniform suspender loading. The moment is evalu- 
ated primarily from the important consideration that, if the cable is kept from 
assuming its natural position as an unstiffened cable, the stiffening truss must 
provide the bending moment required to hold the cable in its restrained position. 

Finally, the changes in the length of the cable due to live load or to rise 
and fall of temperature, and the sag changes caused by movement of the tower 
tops or by the interaction between the side spans and the main span, are com- 
bined into one change in the center sag. This lowers or raises the truss, 
causing a moment which is added algebraically to the moment obtained in 
the first step. 

The changes in center sag of the side span are necessarily found in order to 
evaluate loading conditions that govern the main span. From these sag 
changes, it is a simple matter to compute the maximum positive and negative 
moments at the center of the side span trusses. 


Fic. 1.—Suspmnsion Bripce with Two-Hinerp Stirrenine Truss AND SusPpENDED Sipp Spans 


Fig. 1 is a line diagram of a two-hinged suspension bridge of the type 
discussed in this paper. The method applies equally well to suspension bridges 
with straight back-stays. 

Notation.—The meanings of the symbols used in this paper are given where 
they first appear and are assembled, for convenience of reference, in the 
Appendix. 

DEFLECTIONS OF AN UNSTIFFENED CABLE 

Cable Ordinates for Dead Load and Mean Temperature-—The cable of a 
suspension bridge is a flexible member having practically no resistance to 
bending. Its shape depends upon the initial sag and the loading; in fact, the 
cable curve is an equilibrium polygon for the loads suspended from it. Con- 
sequently, for any condition of loading, the unstiffened cable assumes a curve 
that represents the moment diagram for the same loading on a simple span. 
The horizontal component of the cable stress, multiplied by the ordinate at any 
section, must equal the bending moment at the same section due to the loads 
on the cable span, considered as a simple beam. With only dead load on 


the span, 
Hwy = 5 (le — 2%) Atal tes Se. eee (1a) 


in which w = total dead load per unit horizontal length of cable; H» = hori- 
zontal comporent of cable stress due to dead load and mean temperature; 
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1 = length of main span; and x and y = co-ordinates of any point of cable 
curve, measured from an origin at the top of the left tower, under dead load 
at mean temperature. If the center sag is f, 


w I? 
sits t emcee ht pe ENS COUN ae 8 a dint nha ah ee 1b 
Hw = Bp (1b) 
Substituting Equation (1b) in Equation (1a): 
See matlh iui Shae (2) 


which is the familiar parabolic formula for the cable ordinates dead load at 
mean temperature. 

The deflections of an unstiffened cable for partial live loads and varying 
ratios of live load to dead load are first to be found, with cable stretch omitted. 
Consequently, these deflections are based on an unchanged cable length L, 
and no relative movement of the tower tops. The equations for the cable 
ordinates under various live load conditions must first be derived. The 
differences between the resulting ordinates and those computed from Equation 
(2) will then give the desired deflections. 

Live Load on One E'nd of Span.—When live load moves upon the structure 
and extends a distance k/ from the left end, the cable changes shape. The 
new curve, which represents the moment diagram for the combined live and - 
dead load on a simple span, consists of two parabolas that have a common 
tangent at the head of the live load. The new ordinates are given by the 
following equations, which are simply expanded statements of the law of 
statics, 2 M = 0. It should be noted that H, has been increased by a value 
H, due to live load. When x < kl (that is, for the part of the span under 
live load), there results the following equation, in which w; = live load on 
roadway, per unit length of truss, 


(He + Hey = 302 — 2) + mbi(1-§)2— 42 a fie (3a) 
or, 
se aa) (Lk eh ee 
y = OE ee ph ae (3b) 


When zx > k1 (that is, for that part without live load), there is found: 


(Hy + Ha) y = 2a 2) +wki(4 =o ye dt wi kU a -" mee 
or, 
_ (wx+ wk? l) (l — 2) 
Se ot SS eis, SA (4b) 


With only dead load on the span, the horizontal component, H,», of the 
cable stress is easily determined from Equation (1b), which involves the 
initial center sag, f. When live load moves on to the span, the center sag 
changes. As a consequence, the determination of the new horizontal compo- 
nent, Hy + Ha, is not quite so simple. The quantity H,, + H, will be deter- 
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mined in this step on the assumption that the cable length J does not change. 
The effect of changes in cable length will be discussed subsequently. If there 
is no change in length, the external work performed in deflecting the cable - 
must equal zero; hence, 


EL Pe I 
{ (w+ )nde+ f wndr =o eh ats se aCe (5) 
0 El 


in which 7 = the deflection of truss and cable, at any section, from their initial 
position under dead load at mean temperature. For values of « <k l, the 
deflection, 7, equals Equation (3b) minus Equation (2); and for values of 
« > kl, it equals Equation (4b) minus Equation (2). Making these substitu- 
tions in Equation (5), performing the integrations, and combining terms, there 
results: 
wi we 
wh 2-+ 38 — 2k) +7 (4 — 3k) 


Hw + Ha = ye 


w [2 
= +7 C1... (6) 
2+ te (8 — 28) eu 


Substituting Equation (6) in Equations (3b) and (4b), the following im- 
portant equations are obtained: 


Hor 2a< kl; 
yt eda a) 8 = wpe ce 
ea C, Jet Et ee OLA a 
and, for« > kl, 
Wii ah 
a C Men, Cae 


- in which C; is the quantity within the brackets in Equation (6). 


Live Load in Middle of Span.—When the live load occupies the middle of 
the span, symmetrically placed about the center line with a total length of 
kl, the cable curve consists of three parabolas with common tangents at the 
ends of the live load. The two end parabolas are identical. The derivation 
~ of the equations is similar to the preceding case and will not be repeated. The 
final equations are as follows: 
2+ SY (3% — i) + YER — 22) 


apt 


Ie Ww 
ee rT = =— C2...(8) 
Pepe SF 1 thai ey 8f 
2+ 5 (8k — #) 
For the end sections under dead load only, 
tint\e SPR 
ve pers Ot KEY G2 (9a) 
Jaa, eT aR er 


(in which C, is the quantity within the brackets in Equation (8)); and for the 
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middle part subject to both live and dead load, 


2 


4 
1-4 

Live Load on Both Ends of Span.—When live load is placed on both ends, 
covering a length k J at each end, the new cable curve consists of three parabolas, 
the two end ones again being identical. The final equations are: 


Wi Wi 
wh gate odes Se ek wea (10) 
a Ss 8 set ee 
Het Ha Sf 2+ % (6 ht — 4h!) 8f 
W 


For the end parts, subject to both live and dead load, 


= 1 ES, 3 
brgite x?) + 7 (2kl& x?) 
ps G, en 


in which C3 is the quantity within the brackets in Equation (10). For the 
middle part under dead load only, 


ae re. WI 19 72 
ag? a) + ie] 
y= Pe VO, ee whe, \etcs o: 16) alae on ialken Peseta ete 


Application of Equations (1) to (11).—Equations (1) to (11) are employed 
only in computing the basic deflections, and need not be used in applying the 
approximate method. They are stated in order to demonstrate how the pro- 
posed method has been developed. 

It will be noted, by examining the governing equations for cable ordinates, 
that the span of the cable has no effect whatever upon the deflections. When 
z in the numerator is considered as a proportional part of 1, it is evident that 
the term /? in the denominator is cancelled. The deflections of the cable depend 


only upon the initial sag f, the ratio of live load to dead load ~ , and the load 


length factor k. Now k can be made a constant in securing maximum effects 
at definite points in a span, such as the quarter-point or the center point, 
regardless of the span length. Hence, curves of deflection for the cable may 
be plotted for different ratios of live load to dead load, but with a constant 
proportional load length, kl. The deflections may be expressed as percent- 
ages of the initial sag, f. Then, if the deflection of a cable is wanted for a 


definite ratio, one needs only to select the percentage of deflection corre- 


' sponding to the proper ratio and multiply the value by the cable sag. 
An investigation of various load lengths, k1, indicated that changes in 


the od ratio had practically no effect on the loaded length that would produce 


maximum deflections at the quarter-point and at the center of the span. 
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Moreover, it was found that the load lengths which produced maximum down- 
ward and upward deflections were about the same as those which caused 
Maximum positive and negative moments in the stiffening trusses. The follow- 


(a) LOADED FOR MAXIMUM 


POSITIVE MOMENT 
AT QUARTER POINT 
| \\ 


() LOADED FOR MAXIMUM 
POSITIVE MOMENT 
AT 


Y 
Zan 


Sag 


0g zz71 
o 


NY Values of ++ 
\Y S 01<f 


Cabl 
= 


nN 


of 


Ww 


Percentage 
- 


w, 
Values of = 


et — t 
(6) LOADED FOR MAXIMU 
NEGATIVE MOMENT 
AT QUARTER 


oa 


Dettection, i 
c~ 


w 


| “ — 
l N 

Live Load Over 0.35 
Sas MEL ML, | 


7g 
ir 


le Span —— 


OmOleOre™ 03.10.4057 10:6 80:75 0:8)9 0:9" 10,0: 90:1 10:2" .0:3°5 0.4" (0:5" (0.6.77'0.7 10.855 0:9) S0 
Ratio of Main Span Length 


Fic. 2.—DEFLECTIONS OF UNSTIFFENED CABLE Dur TO PartraAtu Live Loaps Propucina Maximum 
Moments at Centar. Drap Loap Over ENTIRE SPAN 


ing values of kl were found to be accurate enough for preliminary design 


purposes: 
Condition Load length 


Maximum positive moment at the quarter-point, 0.4/ at the same end of span 
Maximum negative moment at the quarter-point, 0.6 / at far end of span 
Maximum positive moment at the center....... 0.3 1 at center of span 
Maximum negative moment at the center....... 0.35 1 at both ends of span 


These load lengths were used to compute the deflections of the unstiffened 
cable for ratios of live load to dead load ranging from 0.1 to 1.0. Some of the 
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curves showing the procedure at the quarter-point and the center are drawn 
in Fig. 2. The maximum downward deflections in Fig. 2(a) were then plotted 


against the = ratio, as Curve B in Fig. 3(a). This curve obviates interpola- 


. ° + Wi 4 6 . 
tion for intermediate a ratios. The decreases in center sag corresponding to 


the loading giving maximum positive moment at the quarter-point are also 
plotted in Fig. 3(a) (see Curve C). The other curves were obtained in a 
similar manner.‘ 


Figs. 3(a) and 3(6) are the only curves used in applying the proposed 
method. 


Errect or ADDING STIFFENING TRUSS TO UNSTIFFENED CABLE 


Bending Moment, M, in Stiffening Truss—When a stiffening truss is 
attached to the cable and the live load is moved on to the span, the cable tends 
to force the stiffening truss to conform to the deflection curve of the unstiffened 
cable. If the truss were very flexible, it would practically conform to that 
curve; whereas, if it were infinitely stiff, it would not deflect at all, and the 
cable would be forced to remain in its original position. Since the cable offers 
resistance to anything tending to force it back to its initial position, and since 
the truss is neither very flexible nor infinitely stiff, the final position of truss 
and cable will evidently be a compromise between the original dead load posi- 
tion of the cable and the deflection curve of the unstiffened cable, as indicated 
in Fig. 4(a). 


Initial Cable Position 
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Final Cable Position nes 
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(a) 
¥ig. 4.—Drriecrion or CaBLe AND St1rrenine Truss Unper Partiay Live Loap 


In reaching this compromise position, the laws of statics will necessarily 
be satisfied (note Section x in Fig. 4(b)). The external bending moment due 
to dead load at mean temperature is balanced by Hy» y. When live load comes 
upon the roadway, there is an additional external moment acting at Section 2. 
If there were no stiffening truss, or if the truss were so flexible that it could 

‘resist no moment, the cable would deflect through a distance n’; and the total 
external moment would be balanced by (Hw + Ha) y+ (Hw + Ha) 7’. If, on 
the other hand, the truss had infinite stiffness, the cable deflection would be 


i i i in the paper, but have been filed for 
4 The extensive computations for these curves are not included in 
reference in Engineering Societies Library, 33 West 39th Street, New York, N. Y. 
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reduced from 7’ to 0; in other words, the truss would force the cable back 
through the entire distance 7’ to its original dead load position. The change 
n’ in the lever arm of the force, H» + Ha, would upset the balance of moments 
at Section x, in so far as the cable is concerned; and this balance would be 
restored by the stiffening truss taking a moment equal to (Hy + Ha) 7’, in 
order to satisfy the equation of statics, 2 M = 0. 

Since the truss is neither infinitely flexible nor infinitely stiff, the cable will 
be forced back only a part of the distance 7’. Let the final deflection, shown 
in Fig. 4(b), be 7. The change in lever arm is then 7’ — 7; and the moment 
resisted by the stiffening truss is, 


M = (He + Ba) a) ©. ee ee ee (12) 


From one point of view, this moment resisted or developed by the stiffening 
truss may be considered as moment taken away from the cable when its position 
is changed from that of an unstiffened cable. This statement is not intended 
to convey the idea that the cable itself resists bending moment. The cable is 
flexible, but the force in the cable, multiplied by a lever arm, most certainly 
constitutes a moment at a section of the structure. 

The deflection 7 of Equation (12) is found in the following manner. Let 
M; be the bending moment at Section x that would be induced in the stiffening 
truss if it were bent to the deflection ’ of the unstiffened cable. Its value will 
be determined later in terms of the deflection 7’, the physical properties of the 
truss, and a loading which accounts for variation in suspender pull. Assuming 
the final stiffening truss moment, M, to bear the same ratio to M; as y does 
to n’, there is found: 


Equating the right-hand sides of Equations (12) and (13): 
/ (Hy + Ha) n’ 


=n UW, + (He + Ha) nt a, 0:6 0 wiy'e: ofoubhepela eine! Smaps (14a) 
Hence, 
a (Hw + Ha) 1’ 
MM a a (140) 


Equation 14(6) plays an important part in the proposed method of analysis. 
From an inspection of this formula, it will be noted that the final moment M 
in the stiffening truss is less than the moment (H,-+ H,) n’ that would be 
induced by forcing the cable back to its original position. One may consider 


. : (Hy + Ha) 7’ , , 
either that the ratio eae ay determines the proportion of the 
M: 


moment M; taken by the truss, or that the ratio ———___+_ ___ - 
: ratio Moe ne repre 


sents the proportion of the moment (H»+ Ha) n’ taken by it. The latter 
ratio shows also the proportion of the deflection »’ that is eliminated by the 
stiffening truss in this step of the process. 
Horizontal Component of Cable Stress——By an inspection of the terms of 
Equation 14(b), it will be noted that the deflection n’ is determined from 
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Fig. 3(a) and Fig. 3(6), which leaves two other quantities, M, and (H, + H,), 
to be evaluated. The latter quantity is the horizontal component of the cable 
stress due only to dead load and live load on the unstiffened cable. This 
horizontal component is found by computing the moment M,,’ of the dead load 
and live load at the center of the span, just as if the span were a simple beam, 
and then dividing by the center sag. In equation form: 
Mi 

H,y+ HA, = FeO rane ee apie ee Mls 
in which (f+ 7.’) = the center sag, and 7.’ = increase or decrease in the 
center sag taken from the curves of Fig. 8(a) and Fig. 3(b). With only the 
dead load, w, acting: 


Hy = 


Evidently, in this case, f is the center sag of the cable in its original position. 
When live load comes on, however, the center ordinate f changes by an amount 
ye’. It should be kept in mind that the effect of cable stretch and temperature 
is to be considered subsequently. For the time being, deflections which are 
caused by partial live load are used, with the length of the cable / kept constant. 

For the cases of loading summarized in Fig. 2(c) and Fig. 2(d), the values 


of H, + H, are as follows: 


Maximum positive moment at the quarter-point, with live load at the 
same end, over a length of 0.4 J, 


1 
Hy + Ha = —— (0.125 w P+ 0.040 wr P)........ 16a 
me F¥a' esas ae 16) 
Maximum negative moment at the quarter-point, with live load at the 
opposite end over a length of 0.6 J, 


1 ; 
a= a O325 eit == OWS o wil)’. pers ate 166 


Maximum positive moment at the center, with live load at the center over 


a length of 0.3 J, 


ae Te ee 


a faa te 
Maximum negative moment at the center, with live load over a length of 
0.35 1 at each end, 


Hy + Ha 


(0.125 w i? + 0.0638 w; P)....... (16c) 


Giron 
r f tie? 

In each of the preceding equations, the quantity within the parenthesis is 
the bending moment at the center of a simple span due to dead load over the 
entire span and live load over a part of the span.” The deflection 7,’ is positive 
when downward and negative when upward. 


(OGL25 wilt + 0.0613. wy 2). t..2eae (16d) 
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The horizontal component of cable stress may be found in a similar manner 
for other conditions of loading. Equations (16) are sufficient, however, for 
preliminary design purposes. 

Bending Moment, M,, in Stiffening Truss.—The bending moment M; in 
Equation (14d), denoting the moment that would be induced in the stiffening 
truss if it were bent to the deflection curve of the unstiffened cable, will now 
be evaluated. For convenience, consider the case of maximum positive mo- 
ment at the quarter-point. Deflection curves for this case are plotted in 
Fig. 2(a) and Fig. 2(6). The stiffening truss will be bent into the two loops 
shown, one downward and one upward. This is also indicated in Fig. 4. 
If n’ is the maximum deflection of the downward loop and j/ is the length of 
the base of the loop, the bending moment may be stated thus, in general terms: 


in which C is a numerical coefficient depending upon the shape of the moment 
diagram; or, in other words, the type of loading on the truss. The loading 
involves both the live load on the roadway and the live load suspender pulls. 

It will be well to consider approximate moment diagrams first, in order to 
show the relationship between M; and 7’. 


= 
= 
aes £ Laren 
WS 
Pi Wee 
jl aia ete 
(a) MOMENT (c) MOMENT 
(b) LOADING (d) LOADING 


Fia. 5.—Approximatr Moment anp Loap DraGcramMs 


If the moment diagram on one loop of the truss is a parabola, as shown in 
Fig. 5(a), the deflection at the center of the loop is, 


tS ME GGDF 
=% OEE rl aE T OL CH Oecd Cnt (18a) 
and, the maximum moment is, : 
Ely’ 
M, = 9.6 — CGhiak tks (185) 


The loading creating such a parabolic moment diagram is uniform over the 
length, 7/1, and is designated as w; — ws in Fig. 5(b). The deflection curve 
would evidently be a fourth degree curve in this case. 

Next suppose that the moment diagram is almost rectangular, as in Fig. 5(c), 
rather than parabolic. Then the center deflection would be, 
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and the maximum moment would be, 

EI 1’ 
GD? 
The loading creating such a moment diagram would consist of two equal con- 
centrated loads near the ends of the span, as in Fig. 5(d), or two equal end 
couples. The deflection curve in this case would be a second degree curve or 
a parabola. 

The loadings in the two cases shown are radically different, but the maxi- 
mum moments, M,;, for the same deflection differ by about 17%; and the final 
M-values, determined from Equation (146) for these two values of M;, would 
differ from one another by less than 8% in most cases. 

The actual loading diagram for each loop of the stiffening truss falls some- 
where between the two cases shown in Fig. 5. In an approximate method, 
one might assume arbitrarily that the suspender loading is uniform; but the 
final moments computed by the deflection theory are not determined from a 
uniform suspender pull, even if that assumption is used in finding the value of 
H,. Hence, to make the proposed preliminary method as accurate as possible, 
actual moment and load patterns for partial live loads should be studied. 
Some mathematical relations must first be established to facilitate such a study. 

Relationship Between Suspender Pull and Truss Moment.—The initial curve 
of the cable under dead load and mean temperature is, 


Afa Wx 


M, — 8.0 


Ae ee (190) 


Yy —) SPs (L — x) id 2H. (l a. x) DP imerhy Oylese’ eiisife: wilh) Slat f (20a) 
The familiar differential equation of this curve is, 
d?y 
aoe hemp yA Aaa eh vite cu seen eis. wieeele Meee 206 
Hy 7, W.. (206) 


When an additional load, ws, due to live load or temperature change, acts 
through the suspenders upon the cable, the cable ordinates become y + 7, and 
the differential equation becomes, 


Gy + a) dat SS (WT Wale oom a v's 5 2 eage (21a) 
_ that is, :: 
— Hey — w+ (Ha+ Ho) 54 = — (wt w) ee or (210) 
or, os 
w, = Bw — (Ha+ Hw) rat Metis aes (21c) 


i} 


in which 8 is the ratio ie . Equation (21c) gives the value of the suspender 


pull ws. hele ' 
The differential equation of curvature for the stiffening truss 1s, 
i rg aka iy RR ERE (22) 
da? El 
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The curvature of the stiffening truss is the same as that of the curve of 
deflection of the cable. The value in Equation (22) when substituted in 
Equation (21c) gives the following important relationship: 


Het He 
Ws — Bw = ABTA MM... eee eee QB) 


Since ae is a constant for one loading condition, the final bending- 
moment diagram on the truss must have the same shape as the diagram of live 
load pull, w,, on the suspenders, minus a constant proportion of the dead load 
pull, w. The diagram may be deter- 
mined quantitatively from Equation 
(23), but the major significance of this 
is qualitative. It is evident that a 
parabolic moment diagram such as that 
(a) MOMENT DIAGRAM in Fig. 5(a) and a load diagram such as 
that in Fig. 5(b) are not possible. 

For a live load extending over a 
length of 0.41, th moment diagram on 
(b) the truss, with no stretch effects in- 
(w,—8w) DIAGRAM cluded, is a curve of two loops, approxi- 
mately like that in Fig. 6(a). The (ws 
— 6 w) diagram must be similar, as in 
Fig. 6(6). Adding 6 w to this curve, 
the hanger-pull diagram in Fig. 6(c), 
for live load only, is the result. Com- 
bining Fig. 6(c) with the live load w; on 
the roadway (Fig. 6(d)) gives the final 
load diagram, Fig. 6(e), for the truss. 
This is the loading that is associated 
with the shears and bending moments 
in the stiffening truss. It should be — 
BULIVELOADAOL ON kept in mind that the dead load, w, has 
ROADWAY PER TRUSS no effect on the stiffening truss at mean 
temperature, and is not considered, 
therefore, as a load on the truss. Even 
if kl should be somewhat less than 7 J, 
it is evident that the loading for each 


(c) SUSPENDER LOADING, w, 


(e) FINAL TRUSS LOADING, w,=w,+w, loop falls somewhere between the two 
Fie. 6.—Momenr ann Loap DIAGRAMS FOR cases shown in Fig. 5. Consequently ’ 
Srrrrenine Truss the coefficient C in Equation (17) must 


lie between 9.6 and 8.0. To verify this, 

several deflection, moment, and load diagrams, computed precisely by the trig- 

onometric series method, have been studied, omitting the effects of cable stretch 

due to live load and temperature change, and the effect of side-span interac- 
tion. These studies have been presented in detail elsewhere.® 

‘Related Functions of Cable and Stiffening Truss in Suspension Bridges,’ by Harold E. Wessman, 


Assoc. M. Am. Soc. C. E.; Thesis presented to the Univ. of Illinois i i i 
dot the deseee Ch Decior SEL o the Univ. of Illinois in partial fulfillment of the requirements 
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As a result of these studies and comparisons of results obtained by the 
preliminary design method with final values for a number of bridges computed 
by the deflection theory, the following values of the coefficient C, to be used 
in Equation (17), have been adopted for the preliminary design method: 


Maximum positive or Value of 

negative moment at: (G 
oT CerapORt 504 fe Tan eee oe 9.1 
AOL Teer er OR A onl a a eet ea Rite ee eee 9.0 


Specific Values of M;.—Definite values of 71 for Equation (17) have been 
determined by using the average lengths of the bases of the deflection loops of 
the unstiffened cable. For positive moment at the quarter-point, 7] = 0.44 1. 
For negative moment at the same point, 7] = 0.461. For positive moment 
at the center, 71 = 0.37 1, and for negative moment at the center, j 1 = 0.39 J. 
When these values and the preceding values of C are inserted in Equation (17), 
the following specific values of M; are obtained: 


Maximum positive moment at quarter-point: 


EI EI 
M, = 9.1 oar? = 47.0 - Bid op enone eae (24a) 
Maximum negative moment at quarter-point: 
EI7n’ EI7n' 
M, = 9.1 (0.46 5 = 43.0 a Las atc Lat eee (24D) 
Maximum positive moment at center: 
ETIn’ EIn’ 
M, = 9.0 537 5 = 65.8 = Re ar AU tel es (24) 
Maximum negative moment at center: 
EI’ EI 7’ 
M; = 9.0 (0.39 1)? a 59.2. R ear) (24d) 


Equations (24) are based upon a constant length, j/, regardless of the 
stiffness of the truss attached to the cable. In other words, they imply that 
the points of zero deflection for partial live loads (with cable stretch and side- 
span effects omitted) remain practically fixed in position. An inspection of 
the deflection loops in Fig. 2(a) and Fig. 2(b) indicates that the points of zero 
deflection do not move much for different ratios of live load to dead load. 
Consideration was also given to the possible effect of stiffness of truss upon the 
point of zero deflection, as it was thought that a very stiff truss might possibly 
cause the point to travel appreciably toward the unloaded end of the truss. 
To test this hypothesis, the main truss of the Manhattan Suspension Bridge, 
in New York, N. Y., was replaced by a truss ten times as stiff, and the deflec- 
tions were then computed for a live load from 0 to 0.41, with cable stretch 
and side-span effects omitted. It was found that the point of zero deflection 
remained practically fixed in position. This check, combined with a number 
of comparisons of values obtained in actual designs, gave assurance relative 
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to the use of the preliminary design method for a wide range in truss stiffness. 

All the values for use in Equation (146) are now established; 7’ is deter- 
mined from Fig. 3(a) and Fig. 3(6); values of H. + Ha are found from Equa- 
tions (16); and values of M; are computed by using Equations (24). This 
completes the first and major step of the approximate method. It is now 
necessary to evaluate the effects of cable stretch, temperature change, and 
side-span interaction. 


Errect or CasLe STRETCH, TEMPERATURE CHANGE, AND 
Sipn-Span INTERACTION 


Introduction—When live load moves upon the bridge, or when a tempera- 
ture change occurs, stress is induced in the cable. This stress causes a change 
in the normal length of the cable; that is, the length corresponding to full dead 
load and mean temperature. When a temperature change takes place, the 
cable lengthens or shortens a distance which is in addition to any length change 
produced by the stress from live load or temperature change. These changes 
affect the shape of the cable, increasing or decreasing the center sag and pro- 
ducing positive or negative bending moments in the stiffening truss. 

Any change in cable stress or length of the cable also causes a change in 


‘the side-span sag. ‘This, in turn, causes a movement of the tower tops which, 


finally, affects the center-span sag. A change in center sag is accompanied by 
a change in the cable stress, which will again modify the side-span sag. Evi- 
dently, there is an interaction between the side span and the main span, which 
occurs simultaneously with any change in loading or temperature. When the 
bending moments in the stiffening truss due to changes in cable length and 
side-span interaction have been found, the results are to be added algebraically 
to the moments from live load found by Equation (146). 

Change in Length of Cable Due to Stress—The strain in any section of the 
cable of differential length, due to stress from live load or temperature, is: 


The total strain or change in length of the main-span cable may then be 


expressed as follows: 
. l lal dL? 
AL, = { AE, dg ee (26) 


When evaluated, this gives the following approximate equation to be used 
for the main span in the preliminary design method: 
HaL H, L? 
AL, = AE, inal 9 ols Vee gi ot Pee a ee (27) 
This simplified equation was used by Allston Dana, M. Am. Soc. C. E. , and 
G. M. Rapp, Assoc. M. Am. Soe. C. E., in the cable calculations for the Dae 
ware River Bridge, from Philadelphia, Pa., to Camden, N. J.6 It should be 


6 oe 
Bhard ery Pes tala ky Bridge Connecting Philadelphia, Pa., and Camden, N. J .”’ Final Rept. of the 
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noted that J is the horizontal length of the main span and LD is the actual length 
of the cable; L is given quite accurately by Equation (28), as follows: 


Te L(1+ Sn?) en re ah TR (28) 


q. (D. B. Steinman, M. Am. Soc. C. E., has published’ 


a comparison of exact and approximate formulas for cable length.) Likewise, 
the change in length of the cable over each side span may be expressed as, 


in which n = ratio 


in which J, is the horizontal length of the side span, and J, is the actual length 
of the side-span cable, or (see Fig. 1): 


2 
een (sec me te tz) Fe aa tall a veeniien (298) 


3 sec? ay 
There are other short sections of the cable over the tower saddles and at 
the anchorages, which also change length and contribute to the effects upon 


the stiffening truss. For one-half the bridge, these sections will be designated 
by the length term, L’. Then, 


in which I’ is the horizontal length of the section of cable corresponding to L’. 
At the tower saddle, lJ’ is virtually equal to L’. 

Change in Length of Cable Due to Temperature.—The change in length of 
the cable over the main span due to temperature variation is, 


IND eG Abs ee noe on eat ot etree (31a) 
The corresponding change over the side span is, 

AN Lee W ON GT nical Goin 82 es fo aS Re ork (31) 
The change in length of other sections of length, L’, for one-half the bridge is, 

(EN Sat ATES pe eee, ay ee ree (81c) 


It should be noted that the changes of Jength indicated by Equations (27), 
(29), (30), and (31) are separated into units corresponding to the main span, 
the side span, and incidental sections of the cable. This separation is con- 
venient in order to evaluate the changes in cable sag due to cable strains. 

Relations Between Cable Strain, Cable Sag, and Span Length.—Any change 
in the length of the cable is accompanied either by a change in the sag or by a 
change in the horizontal span length. The relation between a small change in 


7‘Suspension Bridges,’ by D. B. Steinman, p. 6. 
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sag and a small change in the length of cable, with the span length kept con- 
stant, is expressed approximately as follows:* 


15 
Y= Ene ae Ue 


The relation between a small change in sag and a small change in span 
length with the cable length kept constant is: 


(15 — 40 n? + 288 n‘) dl 


df = — an Saas 


The relation between a small change in span length and a small change in 
cable length, with the sag kept constant, is: 


15 


dl = 5 — 40 n? + 288 14 


dh VE aE Se (32c) 


Equations (32) apply to the main span, and, corresponding equations may 
be developed for the side span. Usually, the side-span sag ratio is so small that 
the terms involving n,2 and n:4 may be omitted without sacrificing reasonable 
accuracy in a preliminary design method. Then Equations (32) take the 
following form for the side span: 


df; = we sec? ap Oli. Ait cA ce ieee (33a) 
dh = — | 2 ee i ee ay See (33) 
and, 
dL 
dl, = Bee a pylela, ion auetthe tous cate a ceualelis sikela/ jo: afte) at altel te dene (33c) 


To find the change in the cable sag at the center of the main span due to 
cable stretch in the main span from stress, or due to change in length of the 
cable caused by temperature, the values of AL, or AL; from Equations (27) 
or (31a) are substituted for dL in Equation (32a); but changes of length, AZ, 
of the cable in the side spans cause the tower tops to move, thus changing the 
horizontal length, 1, of the main span by a length, dl. The horizontal move- 
ment of each tower top is approximately equal to AZ; sec a;._ If the side spans 
are symmetrical, the total change is as follows: 


dl. =. 2 Ally 806 Giant cles os Se (34) 


Any change in length of the part of the cable from the end of the side span 
to the anchorage must be included in AZ; in Equation (34). Moreover, the 
change in length of the short section of the cable over the tower saddles causes 
the tower tops to move horizontally a distance equal to the change in length. 
This is doubled to account for the other side span and then added to the incre- 
ment, dl, in Equation (34). When all the horizontal movements of the tower 
top have been combined, the differential change in sag, df, is found from 
Equation (326). 


’““Modern Framed Structures,” by Johnson, Bryan, and Turneaure, Pt. II, Ninth Edition, p. 199. 
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Effect of a Change in Sag Upon the M ain-Span Stiffening Truss —— Whenever 
the center sag of the main-span cable changes by an amount, df, the stiffening 
truss is raised or lowered by the same amount at the center. Forces are 
transmitted to the truss through the suspenders or hangers. If the hanger 
forces are uniformly distributed, the moment in the truss at the center will be: 


Moments at other points would vary as the ordinates of a parabola. The 
hanger forces are not uniformly distributed, however. An inspection of the 
(w, — Bw) diagram, which must look like the moment diagram, will verify 
this. An investigation of exact load diagrams indicated that the stiffening 
truss is subject to a non-uniform hanger load of greatest intensity at the ends 
and decreasing toward the middle. The moment diagrams are slightly elliptic 
in shape rather than parabolic. Consequently, the following equations are 
proposed in the preliminary design method for the computation of the center 
moment in the stiffening trusses caused by changes in sag: 


For the main span at the center, 


M TE Nase ae eee ate 
and, for the side span at the center, 
TE er eae (360) 
1 


For exact results, the value of M given by Equation (36a) should be ad- 
justed, such adjustment being carried out by means of equations analogous to 
Equations (14a) and (146); but the correction would be small, and not worth 
while. 

The moment diagrams, as already indicated, are elliptic in shape. For a 
parabola, the moment ordinate at the quarter-point would be 0.75 of the 
center ordinate. For a true ellipse, the ordinate at the quarter-point is 0.866 
of the center ordinate. A study of calculated moment diagrams for cable- 
stretch effects indicates that the quarter-point moment should be approxi- 
mately 0.81 of the center moment for preliminary design purposes. Hence, 
the following equations are proposed for the computation of the moments at 
the quarter-points caused by changes in center sag: 


For main span at the quarter-point, 
EI Le Ly 5 
M = 0.81 X 9.4 pe of = 7,6 e: sapere (37a) 


and, for the side span at the quarter-point, 


M =7.6 Ao af mee anal ce Ce (370) 
1 
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Side-Span Interaction.—When the side spans of a suspension bridge are 
suspended from the cable, the side-span sag, fi, is made such a value that the 
horizontal component of the cable stress under dead load and mean temperature 
has the same value for both the side span and the main span; then: 


_ we _ wl? 
Hw = QF = ay ri eaad ‘arial: SEE ee 
or, 
1,2 
f= FS HOM eg io Seana (38d) 


What happens to the side-span sag when live load is placed on the main 
span, or when there is a change in temperature? First, consider the case with 
no stiffening truss in the side span. The horizontal component of cable stress 
has increased to the value H»-+ Ha. If the tower saddle is free to move, or 
if the tower has very little resistance to horizontal forces at the top, the sag, 
fi, in the side span must decrease by an amount df, in order to preserve equi- 
librium; then: 


oe UW 1? 
Hy, + Ha = SL a ee (39a) 
or, 
Wy, 1,2 
(Hw + Hae) (fit df) = ie = Hw fi 
and, 
Ha 
df; a ay a ae sie elle ‘e's @nstle Shs-sl 0) sy pellet al ues (395) 


In Equation (39b) the minus sign indicates a decrease in sag for positive 
values of Ha. When a stiffening truss is added to the side span, a decrease, 
dfi, in side-span sag creates negative bending moments in the stiffening truss, 
as indicated in Equations (36b) and (376). At the center of the span, the 
equation of statics, 2 M = 0, is satisfied when, 


(Hw + He) (fit afi) + 9.47 i ap, =H 8 ay f.......(40a) 
and, 
df; =e — —4s___y, Faia Fe Seinw fe\ ol alia’ 5) SOMA (406) 


(Hy + H.) + 9.4 i 
1 

Due to the stiffening truss, the change in sag in Equation (406) has a 

smaller value than the change in sag given by Equation (396). If there is a 


uniform live load, wiz, over the side span, in addition to the dead load, the 
equation of equilibrium becomes, 


(Hw + He) (fit df) + 9.455 df =a + a ae) 


ee Lit 
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j ml? , 1? 
but, since 1% ="Ay fi, and ae = oye fi, Equation (41) becomes: 
—H,+—"H 
Oise ee Fa Lead sa) (42) 


Bly 


ly? 


(Hy + Ha) + 9.4 


It is often convenient to find cable-stretch effects and sag changes in terms 
of H, = 1000 000 lb, or Hz = 100 000 lb, and then compute the effects for 
the final value of Hq by direct proportion. This is accurate enough when H, 
is small relative to Hy. A trial value of Ha based on Equations (16) is first 
used. Sag changes are then computed for temperature effect and cable 
stretch from stress, using this trial value of Ha. From the new sag, a new 
value of H, is determined, and the process is repeated until the trial H, and 
the final H, agree, or differ by a very small amount. 

The total change in the sag f at the center of the main span due to tem- 
perature, cable stretch, and side-span interaction is then consistent with the 
final value of H,. From the total sag change, df, the moments in the stiffening 
truss at the quarter-point and at the center are found from Equations (36a) 
and (37a). These moments are added algebraically to the live load moments 
found from Equation (146), in order to find the final values at the quarter- 
point and the center to be used in the preliminary design of the stiffening truss. 

Since the sag change, df), in the side span must be found in order to com- 
pute maximum positive or negative moments in the main span, and since the 
side span is either unloaded or fully loaded with live load to find these main- 
span moments, it requires little additional computation to find the maximum 
positive and negative moments at the center of the side span for preliminary 
design purposes. The value of df;, when found, is inserted in Equation (360), 
and the moment is then evaluated. 


ComMpPuTATIONS ILLUSTRATING THE PRELIMINARY DxEsign MrtTHop 


Triborough Suspension Bridge.—A definite structure, the Triborough Sus- 
pension Bridge, has been used to demonstrate the typical preliminary design 
computations rather than some fictitious span, in order that the results ob- 
tained by the preliminary analysis may be compared with final values for an 
actual design. 

The procedure outlined in Table 2 will be exactly the same as that for the 
investigation of an entirely new layout, except for the choice of the moments 
of inertia of stiffening trusses. Preliminary design data and constants are 
given in Table 1(a), Column (2). In the following computations (Tables 1 
and 2) final design values for the moments of inertia of the stiffening trusses 
are used. Ina new layout, it is advisable to use an arbitrarily selected moment 
of inertia, based on a tentative chord section and truss depth, for the initial 
determination of maximum moments and deflections. Then the procedure 
should be repeated with other values of moments of inertia, say, one-half as 
much and two times as much as those used in the first analysis. By doing 
this, a fairly accurate idea is obtained of the manner in which maximum 
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bending moments vary with truss stiffness. Moreover, a good measure of 
the reduction in the deflections of an unstiffened cable, caused by each trial 


truss, is afforded by this process. ; 
Maximum positive and negative moments at the quarter-point and center 


of the main span, and at the center of the side span, are computed. Con- 


TABLE 1.—Comparison OF DrsIGN CHARACTERISTICS OF 
SusPENSION BRIDGES 


Fran- Man- Mount | Retten- 
h cisco- hattan | Mau- | Hope a oek 
wee Bud Oakland | Bridge, mee | Bridge, Bridge 
Description auNee Bay at New | River in at M ae 
at New! Bridge, | York, | Bridge | Rhode 


Yorks | in Cali- | N. ¥ Island | line, 
¢ fornia "i 
(1) (2) (3) (4) (5) (6) (7) 


Live load, wi, in pounds per foot of truss......... 2 000 3 000 4000| 2000 750 | 1120 
Total dead load, w, in pounds per foot of truss....] 9 580 9 200 5820} 6500] 2650] 2185 
Ratio, wz + w, of live load to dead load.......... 0.209 0.326 0.687 | 0.308] 0.783] 0.512 


Dead load, w1, in pounds per foot of side span truss..| 9 670 9 700 6130] 6500] 2650} 2230 
Lengths, in Feet: 


SVIATTVBLIATI: |b 5 n'a ic\clsisve's:ssistein es, cisieis acer cole s¥e/elere 1 358 2 294 1447 | 777.6) 1188 735 

BAO DANGEL oem. isle daha teak ada an seieeio 6 660.7 1152 713.5 | 230.3] 498.3] 366.7 

oe bran cable, rs Sis aa cgatS so ooo be 1 394 2 354 1485] 811.1} 1220] 753.9 

est side-span cable, L1........-...eeeeeee 1192 

East side-span cable, L1............2+.+-0:- } 685 { 1 oo 740.0} 250.5) 521.4) 377.6 

Short cable section, L’, at tower...........-- 22 16.3 31.8 9.7 12.5 5.2 

Short cable section, L’, at anchorage......... 108 913.4* 119.1] 266.6] 341.3] 193.4 

Sag of cable, f, at center of main span....... 133.7 228.7 145.3 96.0] 118.8 73.0 

Sag of cable, fi, at center of side span........ 31.6 60.8 37.2 8.41 20.9} 18.42 
TER EEELO STORED AA Uolal sua teres cl ste nla) seine seat le el eof 0.0985 | 0.0997 0.1004 | 0.1234 0.10 | 0.0994 
INS in Cento tig el SAR DSSS aie ac he oge “on noanon 0.0478 | 0.0528 | 0.0522 | 0.0365 | 0.0419 | 0.0502 
Moment of Inertia (Unit, Inches? — Feet?): 

Stiffening truss of main span................ 15 000 69 500 43900| 2600] 4259] 1835 

Stiffening truss of side span................. 17 500} 99100 50860} 2200] 4152] 2115 
Horizontal component, Hy, of cable pull, in kips ..| 16450] 25 810 10480] 5120] 3940] 2030 
Modulus of Elasticity, in Kips per Square Inch: 

Stiffening truss and towers, H............... 29000} 29000 29 000 | 29 000 | 29 000 |} 29 000 

Cables Heyes «ose Qc oS OMBOCQN Ge IoC 28000] 28000 | 29000 | 27 000 } 29 000 | 24 000 
Area of cable, A, in square inches............... 276.8 5 000 275 | 106.6 73.9 44.9 
Temperature change, At, in degrees Fahrenheit... . +55 +30 +55 +55 +60 +60 
Coefficient of thermal expansion, in ten-millionths. 65 65 66 65 65 65 
Tapia of Slope Angle, a: 

iia on eae eae enerme nee o [CEM @ eyr et WME presents. 


(6) Comparison oF PRELIMINARY DesigN Mrruop with DrriEecTion THEory (Units, IN Foot-Krps) 


Main Span; Maximum Positive Moment at: 


Quarter-point, by preliminary design......... 28 500 | 111 800 | 113 300 | 11 300] 10300| 8400 
Quarter-point, by deflection theory.......... 28 000 | 111 000 | 119 100 | 11 580] 10390] 9095 
Center, by preliminary design............... 23600] 90400 91300} 8450] 8350] 7060 
A AR accel ey. oe a a “t Aint area 22 100 88 830 89710| 7900| 7954) 6665 
span; de ion at quarter-point, in feet .... 4.58 a : i; 3 
Side Beans Spec pours Moment at: oH fee a oe sigs 
enter, by preliminary design............... 43 400 | 209 000 | 181000} 9400} 12940] 12 
Center, by deflection theory................ 42 300 | 208 230 | 181000] 9550] 12970 be ee 


* West anchorage, 913.4 ft; and east anchorage, 56.6 ft. 


siderable space is devoted to the explanations accompanying each step of the 
method; as a result, the computations may seem to be more extensive than 
they actually are. Ordinarily, the numerical computations, which are slide- 
rule results, require very little space and relatively little time when compared 
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TABLE 2.—Pretiminary Dusian or TRIBOROUGH SUSPENSION BRIDGE 


Step : : 
No. Explanation Computation Result Units 
(a) Maximum Positrve Moment ar Tan QuaRTER-POINT OF THE Main SPAN 
ee ‘S37 3(a), for w; + w = 0.209 and 
1 vid at ne quarter-point......... 0.0242 133.7 3.24 Feet 
ne’ at the center............... —10,007ioa x 133c0 —1.00 Feet 
New center sag, f + ’............ 133.7 — 1.0 132.7 Feet 
Hw», by ep iation (GUS) Ge Sac eee 2 200 000 + 133.7 16 450 Kipst 
9 |)Hw + Ha, by Equation (16a)... )) | 0.04 X 2.000 re 
148 000 
Pica ee ae Cree 
( x 1358! =5348000 = 152.7 | 17680] Kipst 
Sis|eTrialivalueol Ha i= (Hay 4 Hal ss a ew a we ce 1 230 Kipst 
M; from Equation (24a)............ (47.0 * 29 K 108 & 15 000 
X 3.24) + 13582 35 900 | Foot-kipst 
Moment induced by f oreing eable back 
4 ae the distance, 7’ = (Hy 
leo Or RCS, CO SAR ae eS 17 680 X 3.24 57 300 | Foot-kips 
hajeated 4 moment in truss, from Equa- 
bROIay CLAD) ppemase Se tea ere ee iets (35 900 X 57 300) + 93 200 22 100] Foot-kips 
5 | Adjusted deflection, 7.............. 3.24 X 57 300 + 93 200 1.99 Feet 
Change in Cable Length, AL Due toa 
Temperature Change, At = + 55° F 
(see Equation (31)): 
6 (a) In the main-span cable..... . 0.0000065 XK 55 & 1 394 0.498 Feet 
(b) In the side-span cables...... 0.0000065 X 55 X 685 0.245 Feet 
(c) In the cable at the tower saddle | 0.0000065 & 55 X 22 0.008 Feet 
(d) In the cable at the anchorages | 0.0000065 X 55 X 108 0.039 Feet 
Change in Cable, AL, Due to Ha 
= 1000 Kips 
(a) In main-span cable, by Equa- 1000 000 x 1 3942 
TOMES) Werte eseva suse sicteene te - 
277 X 28 X Ny 358 
1 3942 
= —- 185 
7 0.000129 1358 0.18 Feet 
(b) In side-span cable, by Equa- _ 
tion (29) eer eel 0.000129 X 6852 + 661 0.092 Feet 
(c) At the tower saddle, by Equa- 
HG GUNS Gard es SOS oer enas 0.000129 X 22 0.003 Feet 
(d) At the anchorage, by Equa- 
tion’ (80) ~~...) =n ees = 0.000129 < 1082 + 105 0.014 Feet 
Change in Center Sag, df, Due to a 
Temperature qranee, 
At = + 55° 
(a) From ALi in main-span cable 15 X 0.498 
oe Seis 16 X 0.0985(5 — 24 X 0.0097) 
(b) From Equation (34), for ALit = 2.0 X 0.498* 1.00 Feet 
in side-span, dl = ......... —-2x peal ee = — 0.50 ae = ie 
and, from Equation (320), df=] — 8 O38 O.0F7 ( _ 9 50) 
8 = 1.95 X 0.50 0.97} Feet 
c) From Equation (32b) for AL;’ 
‘ at tower eae, hes ogee 1.95 X 2 X 0.0084 0.03 Feet 
d) From Equation (84), for ALz 
ei) at anchorage; dl = — 2 X 0.039% * 1.03 = — 0.081 2 Biot 
and, from Equation (326), ‘df= 1.95 X 0.081 0.16 Feet 
S(O) aaS(C) al eee a he Ge «oe ors sare 
(e) ages eens EO Tere +2.16 Feet 
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TABLE 2.—(Continued) 
LEE een EE 
Ree Explanation Computation Result Units 
0. 


oy a is ad Be ee se Cire oe Se Ss 
(a) Maximum Positive Moment AT THE QuUARTER-PoINT OF THE MAIN Span—(Continued) 
pee es KP Os oe eee 


df Due to Ha = 1000 Kips 
(a) From Equation (32a), for AL, 


in main-span XC) fo oe 2.0 X 0.185¢ 0.37 Feet 
b) From Equation or in 
fp side-span cable, d ave f: ..| —2 X 0.0924 * 1.03 = — 0.19 
and from Bauation (sab) ki =! 1.95 X 0.19 0.37 Feet 
From Equation or 
9 Capers t bweegemame pera r teri 0.01] Feet 
(d) From Equations (32b) and 
(34), for AL,’ at the anchor- 
REGIE i ei eteka cree ciate ar aicuers —2 x 0.014/ K 1.038 = — 0.029 
Se Ne GOON ODI CO 1.95 X 0.029 0.06 Feet 
b), 9(c), 
A eg Saget a . : ee me ee cio] ie Meh, Geli Wru.dag tualeitare.2ta ve +0.81 Feet 
df Due to Side-Span Interaction, for 
Ha = 1000 Kips: 1 MOO aLB 
(a) From Equation (40), dfi ef) 17 450 X 10900 —1.11 Feet 
10 (b) From Equation (33), dli = .. oo ate X111 0.252] Feet 
(ey dhs Sa 2 da = vie ce eie a ereete —2 X 0.252 —0.504 Feet 
(d) here (32b) af 6 ate ars ey a 1.95 X 0.504 +0.98 Feet 
Total change, df (Step 9(e 
Step 10). se. sawiewies cies Pally. | Ll teveleres trees a +1.79 Feet 
(@iLralivalue of Hq.(see Step:s) i5...cifa| by hos peta ers © oe otinnciens 1230 Kipst 
(b) dfdue to At = + 55° F, and 
Hai) 4 230 Kips. .s..¢:0ccce) ater syerers 2.16 + 1.23 X 1.79 4.36 Feet 
(c) Corrected center sag..... ....-| 182.79 +. 4.36 137.1 Feet 
UG) ot fd vie ates ara lasers vi 2 348 0004 + 137.1 17 130 Kipst 
(e) Ha = (Hwy + Ha) — Hw.. ..| 17 130 — 16 450 680 Kipst 
1 (iNew trial ia. w sic alkene sae Between 680 and 1 230; assume, Ha = 780 Kipst 
(g) df due to At = + 55°F, and 
Hf eee /SOKIDS 44. < 9 arbors etsent 2.16 + 0.78 X 1.79 3.55 Feet 
(t) Be Revised center sag, f = ..| 1382.7 + 3.55 136.3 Feet 
ET pit Gg". aie dais Metin c orate lala Wl. lc Beeikad aii sinuae res 17 230 Kipst 
@) He dhe Sante checks Step 11(A))i allen | Ree ma sinie othe rsieetet 780 Kipst 
(k) Therefore, the final change, df, and 
the deflection of the truss, is..... 2.16 + 0.78 X 1.79 +3.55 Feet 
12 | Moment vat quarter-point of truss 
(Equation 37(@))........-eecccee 7.6 X 29 X 106 X 15000 X 3.55 
+ 13582 +6 370} Foot-kipst 
13 | Final moment, from Steps 4 and 12..| 22 100 + 6 370 +28 500] Foot-kipst 
14 | Final moment, by the deflection 
EGP Ye tens) of Sie sie od Ryocasahafafc cc ARTA tes, ne eee +28 000] Foot-kipst{ 
15 | Total deflection, 7...............0. 1.99% + 0.737 x 3.55% : +4.58| Feet 


i NE ee ee ee, ee 
(6) Maximum Positive Moment at THE CENTER OF THE Main SPAN 
a eo ee a ee eee 


Bee) Fig. 30), for ter, +w = 0.209 
1 and if = 133 
n’ at the Re a ac earns ae ee 0.0133 X 133.7 1.78 Feet 
(New center sag, f +’ =........... 133.7 X 1.78 135.5 Feet 
Hy, by Equation (15b) =.......... 2 200 000 + 133.7 16 450 Ki 
2 Hw + Ha, by Equation (16c) =..... 0.0638 X 2.000 Kinet 
X 1358? = 235000 17 950 Ki 
2435 000 + 135.5 pst 
3 | TrialvalueofHa =(Hw+Ha) —Hywl ccc cece 1 500 Kipst 
M;, from Equation (24c) =......... (65.8 & 29 X 108 & 15 000 
X 1.78) + 13582 -ki 
Moment induced by forcing cable back ) 1.000) Boos 
4 a ay he yegere As n 
= iy) Sorters: «a8. 17 950 X 1.78 ki 
Adjusted moment in truss, by Equa- a Ba 100) Sees 
Bion. (L4).f 21s kee rearnieetieae ke ec 27 600 X 32 100 + 59 700 +14 800} Foot-kipst 


at ee ee 


ie 


oo sa 
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TABLE 2.—(Continued) 


saa 
Step 
No. 


Explanation Computation Result Units 
ae a ee ee ee 
(0) Maximum Positive Moment at THE CENTER OF THE MaIN Span—(Continued) 


5 | Adjusted deflection, 7.............. 1.78 K 32 100 + 59 700 0.95 Feet 
Cemoameras (able 2(@) ..srtmec.d ass 36.0|0 @ la Sh Mysentyernn tveees sates ofegeté 
(a) -Urial' value of Ha(see'Step 3) .....) °° “oe ieee eee le ook i 
(b) df due to At = ag 55° F, and ion ‘ees 
ign b00Ikips ences eee 2.16 +1.5 X 1.79 4.85 Feet 
(c) Corrected center sag............ 135.5 + 4.85 140.4 Feet 
(GREETS ced pe ee ee nD 2 435 0004 + 140.4 17 330 Kipst 
a Ha = He , 150) aie & Oe rane Bu a 5 - oe :4 note 880 Kipst 
ew trial, SE guise Porches watts etween an 500; assume Hg = 1000 Ki 
11 |) @) dfdueto At = + 55° Fand "1 ie 
gt OODURIDS\.. 212s aysueyorenton eae 2.16 +1 X 1.79 3.95 Feet 
(h) ext od centersag,f =.......... 135.5 + 3.95 139.5 Feet 
Keo MEdapestantl gc asis tetccrtele dr eel, oe y RETR Sees 17 450 Kipst 
(j) Ha , (this value cChecksisbepid (f))cl we re wae ei em ee 1000 Kipst 
(k) Therefore, the final change, df, 
and the deflection of the truss,is.}. ks eee eee 3.95 Feet 
' 12 | Moment at center of truss (Equation 
CGO aes Mote wos wericatatve a lean se 9.4 X 29 X 106 K 15000 X 3.95 
+ 1358? +8 760 | Foot-kipst 
13 | Final moment,from Steps4and12..) = .....ceceeee +23 600| Foot-kipst 
14 | Finalmoment,bythedeflectiontheory| =  X ............ +22 100] Foot-kipst 
tori Total deflection, 7.0... .ce<csessees 0.95'+ 3.95 4.90 Feet 


(c) Maximum Negative Moment at THE QUARTER-POINT 


From Fig. aon for wl +w = 0.209 
and f = 133 


i n’ at the staat SS fara pe ose —0.0242 X 133.7 —3.24 Feet 
nc’ at the center =............ 0.0048 X 133.7 0.64 Feet 
New center sag, f + 7c! =.........- 133.7 + 0.64 134.3 Feet 
veg es by eae (Gat) WS Sp eee 2 200 000 + 133.7 16 450 Kipst 
2 Hy + Ha, by Equation (16b) =..... 0.085 X 2 000 
x 1358 = 314 000 
2514000 + 134.3 18 700 Kipst 
Selelrialvalueotvis = (Hw + Ha) — Hw.) . ee,  ‘eevncetccss 2 250 Kipst 
Mi, Equation (24b)........... — 43.0 X 29 X 108 X 15 000 
emo es ee) : X 3.24) + 1 3582 —32 800] Foot-kips{ 
piossent canta pyrene, cable 
4 ack t is the distance, 7 : 
= (7 i 18 ESOT CORIO OFTC 18 700 X 3.24 —60 600] Foot-kipst 
Adj sted. Ageia in truss, by Equa- : 
ton (Ge Son ERE tego tric SRN ni oe — 32800 X 60 600 + 93 400 —21 300| Foot-kipst 
5 | Adjusted deflection, 7..........++++ — 3.24 X 60 600 + 93 400 —2.10| Feet 
BREAD when At = 9— 552 Ban...dee. 3s e/a (Same as Step 6, Table 2(a), with all 
negative values) 
AL due to Ha = 1000 kips......... (Same as Step 7, Table 2(a)) 
af whens Ad = — 5628). 56 eee se. (Same as Step 8, Table 2(a), with 
: AS ey opposite signs) df = —2.16 Feet 
Guaidpdue to ig =—-1000) Kips...) ss. si.61- (Same as Step 9, Table 2(a)); 2 df +0.81 Feet 
df Due to Side- Span Interaction, for ; 
Hq = 1000 kips 
(a) From Panation (42), dfi =..| —2250" + (2000 + 9 670)16 450 
0 10 900 
10 x us eat 1.23} Feet 
(b) dl: = from Equation (330) ...] _ 16 X 0.0478 X 1.23 0.28 Feet 
ow pated 0.56| Feet 
c) dl = —2dli =. ......0-0- 2 X 0.28 : Re 
ey From Raquation (32b),df =...] —1.95 XK 0.56 —1.09 Feet 


rie pom ea 
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TABLE 2.—(Continued) 


Result Units 


aap Explanation Computation 


ee 


(c) Maximum Neaative MoMENT AT THE QuartTER-Point— (Continued) 


(a) Trial value of Ha (eee a ee Bis Riksta deteie 2 250 Kipst 
b) df due to At = — » an 
bes ps 2 250 k KIPSik sioteistetiee —2.16 + 2.25 X 0.81 — 1.09 —1.42 Feet 
(c) Corrected centersag......... 134.39 — 1.42 132.9 Feet 
(d) (Hw + fo): is Beaietels aatatey rane 2 514 0004 + 132.9 18 900 Kipst 
i (6) Ha = (Hy + Ha) — Hui --| wv venees eee 2450] Kipst 
Ls t hs 10 "1 t 
reat A 2 oops ace castle an TE oer 2400] Kipst 
k Ed for At = — 55° F and 
# Ae 400 kipsi aac te ea wie —2.16 + 2.4 X 0.81 — 0.94 —1.14 Feet 


12 | Moment at quarter-point of truss 
(@quation (374))o0- es caisiaswiee oe 7.6 X 29 * 10 & 15 000 : 
xX (— 1.14) + 13582 | —2 000] Foot-kipst 


13 | Final moments from Steps4and12..) nee eeeeeeece —23 300] Foot-kipst 
14 | Final moments, by deflection theory . We sis w cise ates —22 700} Foot-kipst 
15 | Totaldeflection,7,fromSteps5and11.]| — 2.10 + 737( — 1.14) —2.93 Feet 


(d) Maximum NecativE Moment at THE CENTER OF THE Matin Span 


13 | Final moment from Steps 1 to 12....} — 15000 — 3300 —18 300} Foot-kipst 
14 | Finalmomentbythedeflectiontheory}| = =... aeeeeeeaee —16 500] Foot-kipst , 
15> |, Lotal deflection, 7.6. 0.02. 0cks tones — 1.08 — 1.52 —2.60 Feet 


(e) Maximum Positive Moment at THE CENTER OF THE SIDE SPAN? 


1. | Hy, by Equation (15b) =.......5.. 2 200 000 — 133.7 16 450 Kipst 
PMG AUUCHLOIAL =t-4=. 55° Hy avwacnisigan i'l al a aewneetie ae serine be 2.16 Feet 
Sin Gf due tod, = 400 Kips jee eecs.1 a a a ee Oe tecesie 0.08 Feet 


df Due to Interaction of Loaded Side 
Span, for Ha = + 100 000 lb: 


: — 100 + 3 400 
F Equat =... = = : 
(a) From Equa eS (42), dfi 16 550 + 10900 31.6 +3.80 Feet 
(b) From Equation (330), dli = ..]| — 0.226 X 3.80 = —0.858 Feet 
(c) ror one a span, 
Sat <a) en Ora tan a. ee) eA sap co +0.858 Feet 
A (d) From Equation (32b),df =...| — 1.95 0.858 = —1.67 Feet 
df Due to Interaction of Unloaded 
Side Span: 
(©) From Equation (400), dfi =.) <= 20? SE ~0.115| Feet 
@p) By proportion from Step 4(d), 
=e Pata ont x ar Bans Peo te eee eae Paes: 0.05 Feet 
spans (Step 4(d) +Step4(f))......| =k auvecccecece —1.62 Feet 
(b) dfdueto At = + 55°F, and 
Ha = +100kips.............. 2.16 + 0.08 — 1.62 0.62 Feet 
(c) Revised centersag,f............ 133.7 + 0.62 134.3 Feet 
a) Bet. EGP aie tae saths Te eee 2 200 000 + 134.3 16 360 Kipst 
| 36) lg Seve MART, vate cols ai cts vo Biers agiete’s. Al adele Dae ie ne —90 Kips} - 
(f) oe trigheHye= wae cae ven ctetes Sp sien — 90 and + 100; assume, 
(g) Repeat Steps 4 and 5; Ha = (prac- ca Cou poke 
teally) Fevers, sroletee Nd\cin et ouesoseiea siete bak it ae ee —40 Kipst 
6 | dfi,duetoHa = —40kips = (Equa- 
GLOWINAZ)) eet icisterecc 23.50 hee eie pate eee eee ae 
(42)) ‘++! 76410 410 900 31.6 +3.98 Feet 


ee ee ee ee eee ee 
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TABLE 2.—(Continued) 


Explanation Computation Result Units 


(e) Maximum Positive Moment at tHE CentER oF THE SIDE Span°— (Continued) 


7 | Moment at center of side span (Equa- 
LIOHIKSOO) rater er cherets, ovsie oicleas ge wierten (9.4 X 29 XK 108 X 17 500 
X 3.98) + 6612 +-43 400} Foot-kipst 


8 | Moment from deflection theory......| cc cucvuecces +42 250| Foot-kipst 


(f) Maximum Neeative Moment at tan CENTER OF THE Sipe Span? 


6 | Final change, d/, in sag of unloaded 


SIGMA Se Ete ais cee tice eo. a MBE Tater. tee Mine tae —3.30 Feet 
IMomentaticen ter ty: cytevs acon alee a | age ate Foeeeelsisers ie 6 —36 000] Foot-kipst 
8 | Momentfromdeflectiontheory =....)| = auceccceaes —34 200] Foot-kipst 


* See Step 6(a). +See Step 6(6). + The result is given in kips, or thousands of pounds to conserve 
space. ¢See Step 6(c). %See Step 6(d). °See Step 7(a). 4See Step 7(b). ¢See Step 7(c). /# See Step 
7(d). 9SeeStepl. 4SeeStep2. *SeeStep5. 7 At the quarter-point, 7 is about 0.73 times its value at the 
center. This was determined from a study of precise deflections due to cable stretching. k See Step 11(g). 
™ In Equation (42) use a trial value of Ha = 2 250000 lb from Step 3, Table 1(c), because this formula is 
not a linear function of Hg. Steps 10(f), 10(g), 10(h), 10(¢), and 10(j). ° The side span under con- 
sideration is fully loaded with live load; the main spans and the other side span are not loaded; and the value, 
At, is + 55°F. ? The span under consideration is not loaded; the remainder of the bridge is fully loaded; 
and the value of At is — 55° F. 


to the procedure necessary in using the deflection theory or the trigonometric 
series method. A study of the computations emphasizes the importance of 
Fig. 3(a) and Fig. 3(d). 

Preliminary Design Values for Other Suspension Bridges—Maximum mo- 
ments and corresponding deflections have’ been computed by the preliminary 
design method for five additional suspension bridges, ranging from a relatively 
short and light span to a long and heavy span. Detail computations are 
omitted from the paper; but the constants for each bridge are given in full in 
- Table 1(a). The final results are tabulated in Table 1(6), together with the 
corresponding moments computed by the deflection theory. 

Effect of Variation in Truss Stiffness—In preliminary design studies of 
suspension bridges, it is important to know approximately what happens to 
moments and deflections when the truss stiffness is varied. The results in 
Table 1(b) for the San Francisco-Oakland Bay Suspension Bridge are based 
upon the equivalent uniform moments of inertia of the main span and side- 
span trusses as actually designed. If an unstiffened cable had been used, the 
downward deflection at the quarter-point would have been approximately 
14.2 ft. Consequently, the truss as designed has reduced the deflection of the 
cable at the quarter-point from about 14.2 ft to about 10.1 ft. 

If the moments of inertia of the main-span and side-span trusses are 
doubled, the moments become larger and the deflections decrease. If the 
moments of inertia are decreased, the moments decrease, but the deflections 
become greater. Fig. 7 shows theoretical values plotted for moments of inertia, 
I,, four times, twice, one-half, and one-quarter as much as the moment of 
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inertia I, used in the actual design. The curves are not exact; nevertheless 
they give the designer a fairly accurate picture of what happens. a 
Fig. 7(a) indicates that the most economical stiffening truss 1s no stiffening 
truss whatever; but Fig. 7(b) indicates that the deflections of an unstiffened 
cable may be too great, and that, therefore, a stiffening truss may be needed. 
The maximum grade change is probably 
of more importance than the maximum 
POSITIVE * deflection; even so, Fig. 7(b) gives a 
clue as to what may be expected with 
trusses of different stiffness, since the 
deflections and grade changes will vary 
in about the same ratio. What cons- 
titutes the limiting grade change, how- 
ever, is still a subject for research. Pres- 
ent tendencies are to make stiffening 
trusses more flexible. Studies like those 
embodied in Fig. 7 may then be of 
great help in selecting a proper design. 
As stated? by Hardy Cross, M. Am. 
Soe. C. E.: ‘‘Where the action is hy- 
brid there are many possible structures; 
the designer must make his choice.” 
The problem becomes one of intelligent 
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f BN selection. 

$ en CoNCLUSION 

é a || A rapid and accurate method of 

i. a} analysis for the preliminary design of 
seabed suspension bridges is presented in this 
0 1 


paper. The method begins logically 
with an unstiffened cable and then shows 
Fic. 7.—Errects at Quarrer-Porntr or what happens when a stiffening truss 
fe Dia sho: Caratensiad Troan paid is added. The effects of cable stretch 
SS from stress and from temperature, and 
the effect of side-span interaction, are 
obtained separately, thus giving the designer a good idea of the contribu- 
tions of the various factors to the final moment and deflection in the stiff- 
ening truss. The method demonstrates clearly the related functions of cable 
and stiffening trusses in suspension bridges. 

The method emphasizes the fact that there is no single design for a stiffen- 
_ing truss. There are any number, depending upon what limits are established 
for deflection and change of grade. The method will also prove a valuable aid 
in making additional studies which are needed to “throw light” upon suspension 
bridge design. These studies are indicated in the following questions: When 
may the stiffening truss be omitted? What is the maximum permissible grade 
change? Is it more economical to obtain stiffness by increasing the chord 
a a) eee a 


9 Transactions, Am. Soc. C. E., Vol. 101 (1936), p. 1369. 
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_ section or by increasing the depth of the truss? May one count on the floor 
_ system to help the stiffening truss in reducing cable deflections? If so, how 
must the floor system be connected to insure participation? Will participation 
“hurt”’ the floor system more than it will “help” the truss? When should one 
use alloy steels with higher working stresses than those for ordinary structural 
steel? Is there a place for alloys with different moduli of elasticity? What 
are the economics of using light-weight floors? 
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APPENDIX 


Notation 


The following symbols, introduced where they first appear in the paper, 
conform essentially with “Symbols for Mechanics, Structural Engineering, 
and Testing Materials’? compiled by a committee of the American Standards 
Association, with Society representation, and approved by the Association 
in 1932:10 


A = area; cross-sectional area of cable; 

C = constants; 

E = modulus of elasticity of the stiffening truss and towers; H, = modu- 
lus of elasticity of the cable; 

f = sag of cable at the center of the main span; f; = sag of cable at the 
center of the side span; 

H = horizontal component of force; Hy» = component of cable stress due 
to dead load and mean temperature; H, = additional component 
due to any change from the condition of dead load at mean tem- 
perature; 

I = moment of inertia of the stiffening truss of the main span; J; = mo- 


ment of inertia of the stiffening truss of the side span; 
k = a ratio defining loaded length of stiffening truss; 

length of cable in main span; L, = length of cable in side span; 
horizontal length of main span; l; = horizontal length of side span; 
M = moment; actual bending moment in the stiffening truss; M; = bend- 
ing moment induced in the stiffening truss if it were bent to the 
deflection »’ of the unstiffened cable; M’ = bending moment 
in the stiffening truss, assuming it to be a simply supported beam; 
t = temperature; At = temperature change, or variation; 
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actual shear in stiffening truss at any section; V’ = shear at any 
section in the stiffening truss, assuming it be a simply supported 
beam; 

total dead load per unit horizontal length of cable; w: = live load 
on the roadway per unit length of truss; ws = suspender pull 
expressed as a load per unit of horizontal length of cable due to 
live load or temperature, or both; w; = final load acting on truss 
per unit length. 

co-ordinate horizontal distance of any point of the cable curve, 
measured from an origin at the top of the left tower, under dead 
load at mean temperature; 

co-ordinate vertical distance corresponding to 2; 

slope of the straight line joining the tower tops; a; = slope of the 
chord of the side-span cable; 


a ratio Her 
, Hy ? 
unit elongation; strain; 
deflection of truss and main cable, at any section, from its initial 
position, under dead load at mean temperature; 7’ = correspond- 


ing deflection of unstiffened main cable; and 
coefficient of thermal expansion. 
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STRUCTURAL BEHAVIOR OF BATTLE-DECK 
FLOOR SYSTEMS 


By INGE Lysg,1 M. Am. Soc. C. E., AND INGVALD E. MADSEN,? 
JUN. AMemSOGe Gale: 


SYNOPSIS 


Results of two years of investigating the behavior of battle-deck flooring 
are reported in this paper. Four one-third sized models and one full-sized floor 
panel, designed on the basis of the results obtained on the preliminary models, 
were tested under the action of a concentrated wheel load, such as the speci- 
fications recommended for H-20 loading. The battle-deck flooring acted as an 
integral unit distributing the wheel load over various stringers, with the amount 
of load taken by the several stringers depending on their spacing. The plate 
acted with the stringer so as to form a T-beam which, if taken into account in 
the design, might result in an economy of 10 to 15 per cent. The width of 
plate contributing to the T-beam action was also found to depend on the 
stringer spacing. When the stringers were coped in on the floor-beams, partial 
fixation resulted with further economy in design. The models were loaded 
with dead weights, and the full-sized floor panel was tested by means of a jack 
and spring device. The test results gave a basis on which to formulate a 


rational design method for battle-deck floor systems. 


INTRODUCTION 


Experiments were made on four one-third sized models, based on a proto- 
type bridge floor consisting of two panels 20 ft long and 10 ft wide. The first 
model represented a floor with a 3-in. plate on stringers, spaced at 24 in. The 
tests showed that such a floor was not capable of supporting an H-20 loading. 
Consequently, the second model had stringers welded between those of the 
first model, making the prototype a floor with a 3-in. plate on stringers, spaced 


Nore.—Written comments are invited for immediate publication; to ensure publication, the last 
discussion should be submitted by May 15, 1938. ! : 
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12 in., center to center. This model proved adequate in supporting the load, 
and the next step was to determine the more economical design. Comparative 
cost data indicated that although a widening of the stringer spacing might 
increase the weight of the floor slightly, the decrease in welding cost would 
more than offset the gain in weight. Thus, for the third floor model, a proto- 
type was selected which consisted of a {-in. plate laid on stringers spaced at 
30 in., and for the fourth model, a 7-in. plate on stringers spaced at 24 in. 


> 
k 


The results of the model tests showed that the floors behaved according © 


to certain relationships. Design methods and procedure, as established from 
these results, served for the construction of the full-sized floor panel. The 
agreement between the design stresses and the measured stresses in this full- 
sized floor indicated a check on the design assumptions. The full-sized floor 
consisted of 12-in. standard I-beams, spaced on 26-in. centers, with a {g-in. 
plate. The floor was 16 ft 9 in. in span and 9 ft 5 in. wide. This span length 
was adopted because the full-sized panel was tested as a simple beam with the 
stringers resting on the floor-beams, representing the distance between the 
points of contra-flexure of a 20-ft panel length with the stringers in the bridge 
floor coped into the beams. 


THE PROBLEM 


The problem of determining the behavior of battle-deck flooring may be 
divided broadly into two parts: (1) The stresses in the plate; and (2) the 
action of the stringer; that is, the amount of load carried by each stringer 
and the interaction of plate and stringers in resisting flexural stresses. The 
investigation was limited to the study of these conditions in relation to battle- 
deck flooring for highway bridges subjected to concentrated loads. For an 
adequate solution of the problem it was necessary to determine: 


(a) The strength and deflection of battle-deck flooring under concentrated 
loads; 

(6) The properties of the floor-plate in distributing the load over various 
stringers; : 

(c) The width of plate acting with the stringers as the compression flange 
of a T-beam; 

(d) The length of plate under concentrated load affected by the load; 

(e) The effect of changing the distance between the stringers; 

(f) The degree of fixation at the ends of the stringers; and, 

(g) The degree of fixation at the ends of the plate. 


Little work has been done in this field, although some mathematical studies 


— 


have been made on the width of plate acting in a T-beam under various loading © 


conditions.’ Even less is known of the distribution of load among the various 


stringers of the floor. For uniform loads over a floor, simple relationships — 


obtain, but for concentrated wheel loads such as were used in this investiga- 
tion, the problem becomes very difficult. 


What actually happens to a stringer floor under load is readily visualized, 


but a strictly mathematical analysis is practically impossible because the floor — 
“uns: . . é 
3 “Die Mittragende Breite,” by Theodor von Kérmén,!M. Am. Soe. C. E., in Beitrage zur Technischen 


Mechanik und Technischen Physik, August Foppl Festschrift, Berlin, 1924. 
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is statically indeterminate to a high degree. As the load is applied the stringer 
beneath it deflects and the plate deflects with it, acting as a beam to transmit 
shear to the next stringer. This second stringer will also deflect and carry 
on the distribution. Theoretically, the distribution will go to all the stringers, 
although, practically, the effect may become so small after being distributed 
over three or four of them that any further distribution may be neglected. 
This action is quite different from that usually assumed in design, namely, 
that the load is spread equally over a certain definite number of stringers. 
Since the deflection of a beam varies as the cube of the span (that is, the spacing 
between the stringers) and inversely as the cube of its thickness, a floor with 
equal spacings between the stringers has a constant proportion of the shear 
transmitted between each stringer. In other words, the load on a floor is 
distributed throughout the floor in a geometrical ratio. 

The action of the plate under a concentrated load cannot be determined 
readily. The plate may be regarded as a rectangular plate supported along 
the edges, but the behavior is complicated by the fact that the deflection of 

the stringers varies along the plate, giving it an elastic support; and, in addi- 
_ tion, the rotation of the stringers makes the degree of fixation in the plate an 
uncertain quantity. 

In this investigation strain readings were taken before and after loading 
to determine the stresses. Slope readings were also taken along the stringers 
before and after loading. These readings were plotted, and the resulting 
curves were differentiated once to obtain the moments, and then a second time 
to obtain the shears. They were also integrated to obtain the deflections, 
and the deflections were measured directly for a check. From mechanics, the 
slope curve, differentiated twice, and multiplied by H J, gives the shear. Since 
the sums of all the shears of the stringers must be equal to the applied load, 
the value of the moment of inertia, J, was selected so that this became true 
for the experimental results. Knowing the value of J, it was easy to deter- 
mine how much plate was acting with the stringer as a T-beam. The values 
of the shears on each stringer indicated how much load was carried by the 
various stringers. Furthermore, when the T-beam action of the stringer was 
known, the section modulus could be computed, and the stress could be deter- 
mined from the moment curves which had been computed. These stresses 
were compared with the measured stresses, and their agreement served as a 
check on the work. The stresses in the plate were determined by means of 
Huggenberger tensometers. 


PROGRAM 


The four models were tested with the dead loads in various positions. 
In what is called a typical run, strain readings were taken along, and trans- 
versely between, the stringers, and level-bar readings were taken along the 
stringers both before and after the load was applied. The difference between 
the initial and final readings was the effect due to the applied load. The 
strain, multiplied by the modulus of elasticity, gave the stress at any point 
in the stringer; and the difference in the level-bar readings gave the slope due 
to the applied load. Such tests were made on the models with the load in 
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all parts of the floor. However, the load in the middle of the stringer caused 
the larger stresses and, therefore, governed the design. In the full-sized panel, 
tests were made only with the load in the middle of the floor. 

For these tests, the sum of all the slope readings along a stringer at any 
point would give the deflection of the stringer at that point. However, this 
was supplemented by tests in which Ames dials were placed along the stringers 
to measure the actual deflections. These results agreed quite closely with the 
integration of the slope readings and served as a check on them. 

The plate stresses were obtained by measuring the strains in the plate with 
the tensometers. The load was placed in various parts of the plate, and 
tensometers were located at all points where any effect was noticed, thus 
recording the distribution of the plate stresses. In making some of the models, 
strain measurements were also taken on the stringers before and after welding 
to furnish an idea as to the severity and the effect of the welding stresses. 


TESTING 


The models were made of standard rolled-steel sections and plate. They 
were constructed on the basis that the model should be one-third size. How- 
ever, since the prototype could not be reduced in all proportions without 


Fic. 1—Ftoor Moprt anp Loap Fie. 2.—Botrom View or Ssconp 
Fioor Move. 


expensive machining, the stringers were machined so as to keep the clear spans 
of the plate in proportion, and they were designed so that the stresses in the 
model would be approximately the same as in the prototype. The ideal could 


not quite be attained since the smallest I-beams rolled gave about a 25% - 


excess over the computed section modulus. The panels in the model were 80 
in. by 40 in. The first two models consisted of two panels welded together 
The last two models consisted of only one panel each, but they were wee 
in the same frame and their floor-beams consisted of channels. After the 


r*% 
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testing of the last two models was completed, a filler plate was inserted between 
the two adjacent channels, and weld metal was deposited so as to make an 
I-beam and cause the panels to be continuous. A view of the first two models 
is shown in Figs. 1 and 2. All the models had the same type of stringers, but 
the stringer spacing and the plate thickness varied. The plate in the first two 
models was steel metal sheeting of a low strength and yield point. This type 
was selected because the uniformity of thickness which sheeting possesses was 
an important factor in the }-in. plate thickness used in these models. The 
7-in. and 3%,-in. plates in the third and fourth models were of the regular struc- 
tural grade of steel and passed the specifications. 

Great care was necessary in welding the models in order to avoid warping, 
particularly in the first two where the plate was so thin. They were fabri- 
cated by first tacking the stringers on to the plate, after which the weld metal 
was deposited, alternating from one spot to another on the floor so as to mini- 
mize the heat and thus decrease the tendency to warp. 

The models were loaded by a dead-weight loading rig which is shown in 
Fig. 1. The Bureau of Public Roads, United States Department of Agricul- 
ture, has approved ‘ a loading area of 20 in. by 10 in. for the rear wheel of 
an H-20 loading. This assumes a tire 20 in. wide, with a pressure of 112 lb 
per sq in., giving 10 in. of longitudinal bearing. 


Fie. 3.—Tire Loapine Rie 


The loading rig consisted of a cast-iron block to which a frame was fastened 
to carry the additional dead weight. The initial weight of the rig was 400 Ib. 
The load was applied, in 50-Ib increments, through a steel bearing plate which 
was one-third size, or 62 in. by 3} in. A piece of soft rubber, 13 in. thick, 
was placed under the bearing plate to keep the load constantly uniform as 

4 Specifications for Highway Bridges, Am. Assoc. of State Highway Officials, 1935, p. 173. 
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the plate deflected, and a piece of cellotex was placed under the rubber to 
keep the area in contact with the plate constant. 

A load of 2 489 Ib should cause the same stresses in the model as would the 
rear wheel of an H-20 truck in the full-sized panel. A load of 2.500 Ib was 
used in the model tests. 

To show that the loading rig gave a uniform load distribution on the plate, 
and to compare its action with that of a tire, comparative load tests were made. 


Fic. 4.—Fu.-Sizep Froor 


The floor was tested by means of the loading rig, and strain measurements 
were taken around the load at a number of critical points. Then the floor was 
tested by means of a tire, as shown in Fig. 3. The results of these tests were 
compared and found to be equal within the limits of experimental error, show- 
ing that the loading rig gave essentially the same results as an actual iiesl load. 

No trouble was experienced with warping in the full-sized floor panel, due 
to welding, so that it was unnecessary to adopt any special welding moeddiine 
The plate was so thick that it dissipated the heat rather quickly. The strees 
tural grade of steel was used in the floor. 


= 
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The floor was set in a frame as shown in Fig. 4. It was tested by jacks 
such as that shown in Fig. 5, the load being measured by the deflection of 
calibrated springs. It was possible to ascertain the load on the floor by this 
method to within 1 per cent. In order that the pressure on the floor be kept 
uniform as the plate deflected, the deflection of the plank on which the spring 
set-up was placed, was computed, and the plank was made of such a thickness 
that its deflection would be approximately equal to that of the plate. The 
deflection of the plank was computed 
on the basis of a beam on a yielding 
foundation under uniform pressure. 

The models were held in a frame 
consisting of vertical posts made of 
8-in. channels braced with angles 
(see Figs. 1 and2). The floor-beams 
of the models were welded to the 
vertical channels to simulate the con- 
nections of beams to hangers in an 
actual bridge construction. The 
full-sized panel was held in a truss 
made of beams and angles, the de- 
tails of which are shown in Fig. 4. 

The strains in the stringers were 
measured by a fulerum-type Whitte- 
more strain-gage, equipped with a Fic. 5.—Jacx Usep on Futt-Sizep Fioor 
0.0001-in. Ames dial. It is accurate 
to about 600 Ib per sq in., as a tolerance of 0.0002 was allowed in repeating a 
reading. Since temperature changes cause strains in a structure that would be 
measured by the gage, the observations were made when these changes were 
at.a minimum. Usually, therefore, temperature could be neglected, but when 
variations occurred, corrections were applied to the strains from observations 
on mild steel standards. 

The tensometers which were used in the plate tests had gage lengths of 
1 in. and 0.5 in. They were accurate to within about 500 lb per sq in., de- 
pending on the gage length. 

Two level-bars were used. The one in the model tests had gage lengths 
varying from 1 in. to6in. However, the 5-in. gage was used almost entirely. 
It was fitted with a very sensitive bubble so that readings could be repeated 
to 0.0001 in., if the point hit the same spot on the floor. Hitting the exact 
spot was practically impossible, and, therefore, the accuracy was limited by 
the irregularities in the plate surface. For the full-sized model, the bubble 
was mounted so that the level-bar had a 15-in. gage length. This would make 
the instrument three times more accurate than it was on the 5-in. gage length, 
but in this case, again, the accuracy was limited by the irregularities in the 
plate surface. These irregularities were worse in the full-sized plate than in 
the models. In all cases the spots where the micrometer point of the level-bar 
rested were ground smooth and polished with an emery cloth. 
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Test DatTA AND RELATIONSHIPS 


Many tests were made on all the models and on the full-sized panel. It 
is impossible to describe all these tests, however, and only the results of the 
significant and important runs will be given. 

Tests on First Model of 24-Inch Stringer Spacing.—A series of nine runs 
was made on the first model. Some of the load positions included the quarter- 
points of the stringers, the center of the span, and the points adjacent to the 
floor-beams. As far as stringer stresses are concerned, the load in the center 
of the span caused the critical stresses. 

In Series 16 (see Fig. 6), the load was placed between Stringers H# and G, 
in the middle of the first panel. The results of the tests are shown in Tables 
1 and 2. The two adjacent stringers, H and G, received 80% of the load, 
whereas Stringers C and J received about 10 per cent. The stringers that 
were away from the direct influence of the load carried over about 25% of 
their load to the adjacent stringer. The beams acted as if they were partly 
fixed, the average fixation factor on the left being about 15% and that on the 
right about 39 per cent. Due to this fact, the shear on the left was less than 
that on the right. These fixation factors were the ratios of the moments at 
the supports to those of a fixed-end beam. 
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In order that the shears should equal the applied load, the moment of 
inertia of a stringer had to be 3.54 in.’. This required 5.50 in. of plate acting 
in the compression flange. With these values the computed center moment 
was found from the slope curves, and the fiber stresses were computed. The 
measured stresses did not agree with those computed as well as expected, and 
the reason for this will be discussed subsequently. 

The center deflection was computed from the formula: 
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wheel load; Z = span length; EZ = modulus of elasticity; 


I = moment of inertia; F; and F, are the fixation factors at the left and right 
ends of the span, respectively. Equation (1) was derived from moment-area 
theorems and, although it is approximate, it is reasonably accurate, if the fix- 
ation factors do not differ by more than 50 per cent. 
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H..| 109} 124 233|0.50} 9.4} 18) 43] 3.9] 0.46 ee eae 0.0201} 0.0190 0.43 
I 49 49 98] 0.42) 3.9 0} 40) 1.8] 0.45 ae se 0.0095] 0.0090} . 0.47 
Peyesto i a71| a 400! .. 107.0 | ..c 12.5] weal Meads Gana] Resa | Gene ae 
(e) Serius 6, Torrp Mopru 
ls | aa Of 11 28 | 0.06} 1.1}—16} —5} 0.6] 0.06 Bie sh 0.0028] 0.0037} 0.0045] 0.08 
B..| 220] 234 454 | 0.31) 18.5 | —38}—27| 10.4 | 0.39 mee ree 0.0458} 0.0450] 0.0435] 0.48 
C..| 735) 722) 1457]1.00} 59.4 |4+27|}+24] 25.4 | 1.00 pee ps2 0.0944| 0.0938} 0.0935] 1.00 
D..| 234| 240 474 | 0.32) 19.3 | —47| —36] 11.4 | 0.45 aBy nee 0.0495] 0.0497} 0.0490] 0.53 
E 28 15 43] 0.09) 1.7} +5)/—23] 1.2] 0.10 mr one 0.0037) 0.0038] 0.0045} 0.07 


—|— | ———__ | |F | —_ | | | | | |  ____"=eN 


TT.|1 234 |1 222} 2456]... |100.0 


The deflection was obtained by adding the areas under the slope curve. 
The agreement between the observed and measured deflections served as a 
check on the accuracy of the differentiation and the computations. 

In Table 1(6) are shown the results of Series 17A on the first model. In 
this run, the load was placed directly on Stringer E (see Fig. 6), at its center. 
However, the loading area was so wide that the bearing block overlapped the 
plate and some of the load was transferred directly through the plate to String- 
ers Cand G. The ratio between the shear carried from one stringer to another 
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TABLE 1.—(Continued) ; 


Say CENTER 
SHEAR, IN Pur- | sg Pee oe 
Sesh centacn| #8 HOUSANDS | CENTER DEFLECTION, 
3 |p O32 or Pounps In INCHES 
3 TXATION| ¢ 
ty 8 BA iy PER SQuARD of 
aD ie | 0 IncH a 
ative Rel a 2 
_ 5 = ma | 6 3 
Es} a a) eu a A 
rs ~ oa go ey e 
3 1 lo) Sa rv] ay 
a) cane & 3e| 4 s g a8 
4 See eee ek Seales oe ey SUB O Be 
eee el eS iano ice) a.) aces | 2 | 3 
era (2 | 213) epee) a8 te | | ge) gs 
ae |p a S40 come ier ba il ee 6) = So | = ea 
(1)} (@) | @) (4) (5) | (6) | (7) | (8) | () | GO) | ay (12) (13) (14) (15) | (16) 


(f) Smrizs 19, Fourta Moprr 


Aer 92 82 174 | 0.30] 6.7 |+16| +6] 3.3] 0.26 +1.8 | 0 0.016 | 0.017 | 0.012 | 0.30 


—1.2 | —2.0 
Bs 288 301 589 | 0.47] 22.8 | —16] —10} 12.6 | 0.57 ae ae 0.058 | 0.057 | 0.054 | 0.63 
C..| 625} 625} 1250/1.00} 48.4 |-+23}/+24] 22.1 | 1.00 juaee pee 0.091 | 0.091 | 0.091 | 1.00 
D..| 235) 214 449 | 0.36] 17.4| —4]/—13} 9.3] 0.42 ew bie 0.042 | 0.042 | 0.043 | 0.46 
i 63 63 126 | 0.28) 4.9] +7) +7] 2.4] 0.26 3 e ; 0.011 | 0.011 | 0.010 | 0.26 
T+.11 303 |1 285| 2588]... |t002|.../...|... |... oars, 
(g) Serres 31, Furi-Sizep FiLoor 
EAI ohn. Pasa 405/ 0.08} 1.6) ...]...] 16.8] 0.07 | +0.4 0 0.006 | 0.006 | 0.009 | 0.09 
=0:2 | —0.5 
1525 AA ee Mele 4 850 | 0.37| 20.8] ...| ... /250.0} 0.41 yoo mee 0.066 | 0.070 | 0.075 | 0.42 
Ceraihoths ... |18120)1.00) 56.2)) .5.| ... |610.0} 1.00 ree mee 0.179 | 0.165 | 0.170 | 1.00 
Dire) his mtete 4 820] 0.37| 20.6] ...] ... |252.0] 0.41 Gees ime 0.066 | 0.070 | 0.080 | 0.42 
PONS | eee Shs 199 | 0.04) 0.8]...]...] 12.3] 0.05 ae ros 0.003 | 0.004 | 0.003 | 0.06 
Tt.| ... | ... [23304]... [100.0 


* See Fig. 6. +7 =total. + Values actually computed to nearest 10 lb; recorded as shown to con-~ 
serve space. 


in the direction away from the load is 0.24. The average value of F; was 
23% and that of F,, 35 per cent. The value required for the moment of inertia 
of the stringers to make the shear equal to the load was 3.35 in.‘ for the interior 
stringers, and 2.84 in.‘ for the exterior stringer, A (see Table 2). These values 
for I were developed as follows: First, the shears were computed using a value 
of I corresponding to full T-beam action; that is, using 8 in. of plate for the 
top part of the T in the interior stringers, and 4 in. for the exterior stringers. 
This made the value of the shears too large. Next, the values for the moment 
of inertia were multiplied by a factor so that the shears would equal the load, 
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TABLE 2.—PRoPERTIES OF SECTIONS USED IN COMPUTATIONS FOR TABLE 1 


Sprins 17A,| Serres 21, Series 19, | Serres 31, 
First First = lek ML oe Fourtu | Furt-S1zep 
Move. Mover © Move. FLoor 
a ° 
5 =| 
as) 
= - n s a) i) 
Description &§ a 5 g g A Q 9 Q 
g £ |B 8 | 8 x © hanes 
a ie 2] - 
s |@l2 | 2/2 |g | 2 let] 2 | 2 128] soles 
m 8 | 8 8 [es oe pe 8s gel) Bales ise aelenes 
8 B13 &B | 8 g sol se| 4 fh l= ee Ie Sac 
5 SSeS cleo m | te aleeres 5 LBS | se BSB Ral BS 
a) Sia EPs alan |an A) nln |n D 
(1) (2) (3) | «4 | 6 | © | % | & | © | Go) | (1) | G2) | G3) | G4) 
T-beam action*,..} 5.5 4.25 2.0 | 0.5 : 3.25 | 6.0 2 3.25.| 5.75 | 12 17.5 
It. ; A AT ODI tee 3.54 | 3.35 | 2.84 | 2.93 | 2.53 | 3.30 | 3.82 | 4.43 | 4.15 | 3.51 | 4.02 |392.0 | 427.0 
1.79 | 1.77 | 1.67 | 1.70] 1.62 | 1.76 | 1.86 | 1.93 | 1.89 | 1.80 | 1.87 | 43.6] 44.7 
See 3.07 | 2.72 2.06 | 1.62 | 2.64 | 3.20 | 4.62 | 3.90 | 2.82 | 3.86 |106.0 | 137.0 


* Inches of plate in T-beam action. + Moment of inertia =1in.4 {Section modulus = Sin.3 


and then the width of plate required for this value of the moment of inertia 
was computed. 

The left reactions were again found to be less than the right, as would be 
expected, since the left fixation factor, F;, was the smaller. It is seen that 
Stringer H, directly beneath the load, received fully 50% of the load. 

In Series 19, the load was placed on Stringer C, which was next to the 
exterior stringer. Consequently, the load could not be distributed so widely. 
In this case, the loaded Stringer C carried 55% of the load, or 5% more than 
in the former series. 

The worst loading condition for the floor occurred in Series 21, Table 1(c), 
when the load was placed directly over Stringer A, which thus received 65% 
of the load. However, this loading would not be attained in an actual bridge, 
since, in order to place the wheel directly over an exterior stringer, a consid- 
erable part of the wheel would project beyond the floor. When the load was 
placed as close to the exterior stringer as is practical, it took about 50% of the 
load, and its design would be about the same as that of an interior stringer. 

Referring to the stringer stresses of Series 21, the measured stress gave 
values that would require much more plate in T-beam action than the total 
plate width between stringers. This shows that there were other stresses in the 
stringer besides those due to bending. The observed slopes of Stringer A dur- 
ing this test are shown in Fig. 7(a), and the corresponding stresses in Fig. 7(b). 

The results of quarter-point loading on the floor were quite interesting. 
The length of plate in T-beam action was the same as that in the corresponding 
center of span loadings, but the shear transferred from one stringer to another 
was only 0.08 of the shear in the stringer, instead of the 0.25 which occurred 
in the former cases. This agrees with the fact that the shear transferred 
from one stringer to another depends on their relative deflection; and since 
the stringers deflected less at the quarter-point, the difference in deflection 
between two adjacent stringers was less. Carried to the extreme, when the 
load is at the end of the stringer, one stringer will take all the load and must 
be designed for it. 
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Supplementary tests were also made on this model. In Fig. 8 the deflec- 
tion of Stringer H is plotted against the load, which was placed in a position 
corresponding to Series 16. It is seen that the load-deflection relation is a 
straight line (as would be expected), showing that the width of plate acting 
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as 4 T-beam was constant and did not vary with the load. The center deflec- 
tion diagram for the plate is also given in Fig. 8. The curve slopes upward 
to the left showing that the load required for equal increments of deflection 
increased with the increase in the load on the plate. In other words, catenary 


action helped to support the plate. 
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In Fig. 9, the deflections of the plate and Stringer # are plotted against 
the longitudinal axis of the stringer for a 2 500-lb load. The deflection curves 
for quarter-point loading are also given. In the stringers, there is a slight 
initial reverse curvature of the deflection curve at the ends of the span. This 
shows a slight degree of fixation. The curve for the plate, in sharp contrast 
to that of the stringers, slopes gradually and then changes quite sharply be- 


neath the load. 
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Fie. 8.—Loap-DEFrLEecTION RELATIONS FOR CENTER STRINGER AND PLATE 


In all these tests the stringers rotated considerably. However, the top of 
the stringer showed little or no rotation, which indicated that the stringers 
must have rotated about the plate. This rotation is at least partly due to 
the deflection of the floor plate. Evidently, the stringers were subjected to 
torsional forces and thus contributed to the load distribution. 

Tests on Second Model of 12-Inch Stringer Spacing—The second model 
was the same as the first, except that the stringers were spaced 4 in., center 
to center, instead of the former 8 in. The results were similar to those of 
the first test, but due to the decreased stringer spacing, the floor was stiffer 
so that the load was distributed over more stringers. 

The results of Series 32 (see Fig. 6), in which the load was placed directly 
on top of Stringer F, are shown in Table 1(d). The width of the loaded area 
was so great, relatively, to the stringer spacing that when Stringer F was 
loaded, the area overlapped on the two other stringers, H and G. Full T-beam 
action was present in this series. Stringer F took the largest proportion of 
the load—about 30 per cent. The ratio of shear carried from one stringer to 
another, in the directiomaway from the load, was about 0.43, instead of the 
0.25 found in the first model. The average fixation factor was about 12% at 
the left (71) and about 35% at the right (F,). 

The center moment, stress, and deflection were computed for the second 
model in the same manner as for the first. The slope readings checked the 
deflection. However, the ratios between the various stringers did not stay 
quite as constant for the shear, moment, and deflections, as they did in the 
first model. This shows that the slope curves were not exact second-degree 
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} 
_ curves, although they were so assumed, and, consequently, a slight error 


occurred in the differentiation and integration. The load on the other sections 
of the floor gave results similar in nature to those shown for Series 32. 

_ After the regular runs had been made on the second model an attempt was 
made to test it to destruction. It was loaded by means of a 20-in. I-beam 
extended out as a cantilever from an 800 000-Ib testing machine. It was first 
loaded to 15 710 lb, which is more than six times the design load, at which 
time the deflection under the load was 0.531 in. The load was released to 
4 700 lb and the deflection was 0.240 in., of which 0.118 in. was permanent set. 
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Fia. 9.—Loap-DEFLECTION RELATIONS FoR STRINGER FH AND PLATE 


The model was loaded again to 28 510 lb, when the testing had to be dis- 
continued due to the incipient yielding of the loading beam and the bowing 
of the vertical legs of the frame holding the floor. At this load, the total 
deflection was about lin. The stringer under the load had yielded and thrown 
much of the load on to the two adjacent stringers, which were also beginning 
to yield. Upon removal of the load, a permanent set of about 0.5 in. was 
observed. 

There was no sign of yielding in the plate, and the only sign of failure was 
a scaling of the whitewash in one of the welds holding the floor-beam in the 
supporting frame. 

Tests on Third Model of 30-Inch Stringer Spacing.—The third model was 
based on a prototype with a #-in. plate welded to stringers spaced on 30-in. 
centers. This model, as well as the fourth, consisted of only one span, and 
since the stringers were coped into the floor-beams there was a partial degree 
of fixation. In these models, the plate was extended to the center of the 
exterior stringer, A, whereas it overlapped 2 in. from the center of the exterior 
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stringer, H. This was done to see whether the overlapping plate was efficient 
in T-beam action. 

The results of the tests on the third model were very similar to those of 
the first two. The results of the case in which the load was placed on top of 
Stringer C are given in Table 1(e). Stringer C took 59.4% of the load, which 
is a greater proportion than in the first two models. This was due to the 
greater stringer spacing. For a similar reason the width of plate in T-beam 
action was not as large as in the first two models. The fixation factor for the 
loaded stringer was small, as would be expected. For the other stringers the 
value of F is negative, denoting an applied moment at the end of the stringer. 
The reason it is negative is that, due to the partial fixation of the loaded 
stringer, the floor-beam rotates and imposes applied moments on the adja- 
cent stringers. 

A number of tests were made in 
a study of the plate stresses in the 
third and fourth models. Similar 
tests were made on the full-sized 
floor and since these were more 
complete and gave essentially the 
same results as those on the models, 
only the results on the full-sized 
floor plate are given in this paper. 
Full T-beam action was not present 
in these models. Accordingly, the 
compression in the top part of the 
Fic. 10.—Srress Disrrisution in Fuoor Prare T-beam would be expected to de- 
Wuen Loap Is Puiacep BretwrEen SrRINGERS C : 
akDED crease away from the stringer. 

This decrease was found to be 
linear, as shown in Fig. 10, for the variation of the compression in the plate 
between Stringers C and D when the load was placed between them. 

Cross-bracing was welded between the stringers in one of the bays of this 
model. It consisted of {-in. by 2-in. plates welded to the stringers and the 
plate, at 12-in. intervals. Although the secondary bracing was spaced this 
closely, the plate stresses were reduced very little. 

Tests on Fourth Model of 24-Inch Stringer Spacing—The fourth model was 
based on a prototype with a 3%-in. plate welded to stringers at 24-in. centers. 
In this model, an attempt was made to evaluate the welding stresses. Strain 
readings were taken on the stringers and on the part of the plate over the 
stringers, before and after the floor was welded together. The-welding stresses 
were greatest in the plate because most of the welding was done there. The 
longitudinal welding stresses in the plate varied from about 4 000 Ib per sq in. 
over the exterior, to 9 000 lb per sq in. compression over the interior, stringers. 
The stress along the bottom of the stringers was about 2.000 lb per sq in. in 
tension. The transverse welding stress in the plate between the stringers 
varied from 15 000 Ib per sq in. to 20 000 lb per sq in. in compression. ‘These 
stresses did not seem to affect the test results. 


Plate Stress, in Thousands of Lb per Sq In. 


6 
Distance in Inches 
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The results of the various tests of the fourth model were similar to those 
of the previous models. Table 1(f) gives the results for the case in which 
Stringer C was loaded. This stringer is seen to take 48% of the load. 

After the regular runs had been made on the third and fourth models, they 
were welded together to form a two-panel floor. A run was taken sirilat 
to that in the third model for which the results are given in Table 1(e), and the 
results for the two-panel model were very similar to those for the ied model 
except that the fixation factor at the intermediate floor-beam was increased to 
50 per cent. The stresses and deflections in the floor-beams were found to be 
smaller in accordance with the increased fixation factor. 
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Fic. 11.—Drr.ecrion AND PERMANENT Ser or PLATE AND Strrincprs B anp C. BREAKING TEST 


Both the third and fourth models were tested to destruction. They were 
loaded in a manner similar to that used for the second model; that is, a canti- 
lever load from the big testing machine. The third model was loaded up to 
26 744 lb and the fourth, to 27 911 lb. In each case, the testing had to be dis- 
continued due to incipient yielding of the loading beam. At these maximum 
loads, which were about eleven times the design load, large deflections were 
present although nothing broke. The large reserve strength is due to the fact 
that as one stringer yields, the increase in load is taken by the adjacent stringers 
while the original stringer still holds its yield-point load. This process con- 
tinues until all stringers have yielded. 

In the third model the load was placed on the plate between Stringers B 
and C (Fig. 6). Fig. 11 shows a diagram of the load-deflection and permanent- 
set curves of the stringers and the plate. At the maximum load, the deflection 
was 2 in. and the permanent set was 1 in. 
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The fourth model was tested with the load directly over Stringer C. The 
results were about the same as for the third model. A diagram of the deflec- 
tion of the centers of the stringers under various load increments 1s shown 
in Fig. 12. 
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Fic. 12.—Derriection Curves FoR CENTER OF STRINGERS. BREAKING Test, Mopxrt No. 4 


Tests of Full-Sized Floor Panel.—The full-sized floor panel was built accord- 
ing to a design procedure, determined by a study of the results of the model 
tests. The panel was 16.75 ft long, center to center bearing, and 9.42 ft wide. 
This floor was built so that it would act as a test on the design procedure, 
and serve as a check on the model tests. How well it did this is illustrated 
in the comparison of the design values with the measured values of stress and 
deflection for the critical sections of the floor, shown in Table 3. The check 
is very good considering that the properties of structural sections may vary 
as much as 5 per cent. The tests on this full-sized floor were similar to those 
of the models. Table 3 gives the results when the load was on top of Stringer C. 


TABLE 3.—Trst or Fuut-Sizep FLoor 


. Maximum Weight of 
Ves near Maximum | Stress in | Maximum | Percentage Width floor 
bap plate, in | deflection loaded deflection | of wheel | of plate in | (stringers 
Description pounds of plate Stringer, | of loaded | load taken -beam_ | and plate), 
per square | in ealnes in pounds | stringer, | by loaded | action, in pounds 
anal per square | in inches stringer in inches | per square 
inch : foot 
(1) (2) (3) (4) (5) (6) (7) (8) 
Design value..... 27 900 0.113 13 300 0.169 53 17.5 44, 
Measured value... 26 000 0.111 13 900 0.170 56 17.5 a . 


Because of the large dimensions of the full-sized floor, it was possible to 
obtain more data concerning the stresses in the plate than had been possible 
in the models. A large number of tensometer readings were taken in order to 
obtain the stress distribution in the plate. Fig. 13(a) shows the distribution 
of the transverse stress in the plate along the length of the floor. This stress 
is the greatest in the plate, since it lies along the short span between the - 
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stringers. It is seen to have a peak of 26 000 Ib per sq in. at the center of the 
load, rapidly decreasing asymptotically along the plate. The compression in 
the top of the plate is seen to be similar to the tension in the bottom Com- 
plete readings could not be obtained for the compression side since the load 
was in the way. The distribution of the transverse stress in the bottom of 
the plate, across the width of the floor, is shown in Fig. 13(b). In the loaded 
span, the stress in the plate was zero at the edges of the stringer flanges. The 
stress changed to compression along the flange, and rapidly dropped to zero 
at the next stringer. 
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Fig. 13.—Transverse Stress In PLatp or Furt-Sizep Fioor 


An over-load test was made on the full-sized floor. It was loaded up to 
56 000 lb, or two and one-half times the design load. The deflection of the 
floor increased linearly with the increase in load. At a 50% over-load, there 
was an over-all permanent set under the plate of 0.005 in. At the maximum 
load of two and one-half times the design load the permanent set was 0.025 in. 
No signs of failure or yielding could be determined with the exception of a 
sealing of the whitewash near one of the welds, between the plate and the 
stringer. After the load was removed, the floor appeared just as perfect as 
ever, and one could never have detected by eye that it had been overloaded. 
The maximum deflection of the plate had been 0.269 in. 


Discussion OF RESULTS 


The results of these tests show that the battle-deck floors acted as an inte- 
gral unit. The load was distributed from one stringer to another by means 
of the plate, which acted as a cantilever beam, in proportion to the relative 
deflection of the stringers. This distribution factor was a constant for a 
definite stringer spacing and plate thickness. In all cases, as shown by the 
tables, the carry-over factor was larger for the stringers close to the load than 
for those away from the load. Considering the case in which the load was 
directly over one stringer, the adjacent stringers took, not only the load carried 
over by their relative deflections, but also some of the load itself, as the wheel 
load was so wide that it overlapped the loaded stringer. 
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In some cases, the stresses in the stringer did not check the computed 
stresses, particularly for the smaller stringer spacings, because the computed 
stresses only included bending stresses. Since the stringers were welded to 
the floor-beams, direct tension could occur in addition to the bending moments. 
Four types of stresses are probably added to the simple bending stresses along 
the tension flange: First, due to the tension in the lower flange, its length is 
increased, imposing compression on the ends of the beam, and thus tending to 
reduce the flange tension; second, due to the deflection of the beam, the longi- 
tudinal axis shortens and causes tension along that axis; and, third, due to the 
rotation of the bottom flange, shortening takes place which causes tension 
along the gage line. Finally, these effects in any one stringer have a reaction 
: on the floor-beam which, in turn, 
applies a couple and a tensional 
stress to the other stringers. 

The effect of these stresses is 
greatest on the loaded stringer as 
it reduces the compression and in- 
creases the tension. This stringer 
has a great effect on the rotation 
of the floor-beam which, in turn, 
tends to offset the secondary 
stresses in the adjacent stringers. 
In the stringers a distance away 
from the load, the tension is re- 
duced in some cases to zero, and the 
compression is increased. ‘Table 
1(6) illustrates this phenomenon. 

0 10 20 30 te The width of plate in T-beam 

i aed ee ced ene ie action was found to increase as the 

ee ee Tee ey San at AcTION AND stringer spacing decreased, whereas 

the load taken by a stringer in- 

creased with the increase in spacing. Both these results are logical and Fig. 

14 presents the relationships obtained. These relationships are useful for the 
design of battle-deck floors. 

A stringer needs to be designed only for the effect of one rear wheel load 
since the usual axle spacing on trucks is so large that the effect of one wheel 
is not carried over to the other. There seems to be no need of making the 
exterior stringer larger than the interior stringers since it is practically impos- 
sible for the center of the wheel to come over the center of the exterior stringers. 
Usually, the exterior stringer will not be stressed higher than the interior 
stringers if it is the same size. The stringer next to the exterior will take about 
5% more of the load than any of the other interior stringers, because a full 

wheel load can rest on it and the exterior will not help support it as much as 
the interior stringers. Thus, it will be overstressed about 5%, if it is the same 
size as the other interior stringers. 

When coped into the floor-beams of a single span, the stringers had a 
fixation factor of about 25 per cent. When the spans were continuous, the 
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factor Was as high as 50 per cent. A substantial saving in material can be 
effected if this partial fixation is taken into account in design. The foregoing 
statements apply to web-plate connections; the fixation factors for web-angle 
connections were slightly smaller. 

In designing battle-deck floors the smaller the stringer spacing is made, 
the lighter will be the resultant floor. However, the increased welding cost of 
the lighter floors will probably make them uneconomical unless the importance 
of light weight is particularly great, such as in lift spans. 

The over-load tests showed that the battle-deck floor had a large reserve 
strength and was practically impossible to break. The tests on the full-sized 
floor panel would indicate that, although the measured stress was fairly high, 
the plate thickness could be reduced to $ in., or 7% in., and still be amply 
strong to take an H-20 load. 

Most plates in battle-deck flooring have been designed on the assumption 
that the plate under the load acts as a fixed-end beam. No account has been 
taken of the longitudinal distribution of the load. Fig. 13 shows the dis- 
tribution of the plate stress. The longitudinal distribution is seen to extend 
over about four times the clear span of the plate, or about 84 in. 

The point of contra-flexure of the plate fell close to the edge of the stringer 
flange. One of two assumptions may explain this: The first is that the plate 
acts as a simple span between the flange of stringers; and, the second is that 
the plate acts as a fixed beam with the point of contra-flexure at the edge of 
the stringer flange. In either case the result is the same, and the first assump- 
tion is the easier to use in computation. The second assumption is probably 
closer to what actually takes place since the plate forms a fixed beam of varying 
cross-section, the depth between the flanges being the depth of the plate itself, 
and the depth over the stringer flanges being the thickness of the plate plus 
the flange. The increased depth of beam at the stringers decreased the stress 
over the stringer far below what would be expected. The tension stress was 
larger than the compression stress, probably because a catenary stress of 
about 1 000 lb per sq in. was present. 

The curve in Fig. 13(6) shows that the longitudinal distribution of stress 
varied from a peak at the center of the load, decreasing asymptotically. Neg- 
lecting the small curve at the peak, this variation may be assumed to be para- 
bolic. Thus, the computation of the stresses in the plate becomes very simple: 
First, the total moment which the plate must support is computed on the 

_assumption that the plate is a simple beam between the edges of the stringer 

flanges. Next, the average stress in the plate is computed over the length of 
four times the clear span of the plate, since the load is distributed over that 
distance. For the average stress this gives: 


Save = AST: PR OLS Cots pe ceo ere a8 o 3 


in which M is the moment; L, the clear span; and S is the section modulus 
of the plate per inch of plate. The maximum stress in the plate will be three 
times the average since the distribution of stress is parabolic. This semi- 
empirical method of determining the plate stress was used in computing the 
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stresses in the full-sized floor and was checked by the observed stresses. The 
values of the stresses in the one-third sized models checked even more closely 
than those for the full-sized floor. This method of determining plate stresses 
may be expected to give quite accurate results for one-way slabs under con- 
centrated wheel loads. 


RECOMMENDED MeEtTHop or DESIGN 


The results of the four models and the full-sized floor panel indicated that 
battle-deck floors may be designed by the following procedure: 


(1) When the stringer spacing is determined, obtain from Fig. 14 the load 
taken by T-beam action of one stringer and its contributing plate width. With 
this information, the moment on the stringer is easily found and a trial stringer 
is selected. The properties of the T-beam section can be determined as soon 
as the plate thickness is found. 

(2) When the trial stringer section has been selected for the T-beam, the 
clear span between the stringers is known. The trial section can be deter- 
mined quite closely in the first step since great changes in the top of the T-beam 
change the value of the section modulus only slightly. 

(3) The required plate thickness, ¢, is determined by the formula: 


Smax = aSL Ee a ha ET oe Eee mye (3) 


and is found directly by changing Equation (3) to, 


| M 
t=3 ay # se ee eee ne wale nee ewes we (4) 


(4) Knowing the plate thickness, the section of the T-beam is determined, 
and the stresses in the stringer are computed. If the stresses are not satis- 
factory another section is selected. 

(5) Design the stringer connections for the full load in shear. 

(6) Partial fixation may be taken into account and resulting economies 
effected by using a fixation factor of 25% when the span is simple and 50% 
when it is continuous. 


Wide-flanged beams, in general, will be economical since they reduce the 
clear span of the plate. However, the lightest wide-flanged beam may not 
meet the specification that the web must be at least 2 in. in thickness. In 
general, lateral bracing should not be necessary for the floor when the stringers 
are coped in on the floor-beams. 

When the plate and stringers are selected, the remainder of the floor is 
designed according to the usual methods. The welds between the plate and 
the stringers are designed for longitudinal shear. The resulting welds will 
also be strong enough to take care of the horizontal and catenary stresses 
in the plate. 
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SUMMARY 
The results of the tests indicated that: 


1.—Battle-deck flooring acts as an integral unit. 

2.—Inherent welding stresses may be found in the piate but they do little 
harm under static load. Care in welding will minimize these stresses. 

3.—A tire imposes an essentially uniform load over the area upon which it 
rests. 

4.—The plate acts with the stringers to form a T-beam, reducing the stringer 
stress about 15 per cent. 

5.—The load taken by a stringer and the width of plate acting with the 
stringer vary with the stringer spacing. 

6.—The stringers distribute the load in proportion to their relative deflec- 
tions; thus, the distribution is greatest when the load is in the center of the 
panel and decreases as the load approaches the floor-beams. The distribu- 
tion factor varies with the thickness of the plate and the distance between 
the stringers. 

7.—The plate acts as a simple beam between the edges of the stringers. 
The load is distributed longitudinally over a distance equal to four times the 
clear span. The distribution is parabolic, with the maximum stress three 
times the average stress. 
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RELATIVE FLEXURE FACTORS FOR ANALYZING 
CONTINUOUS STRUCTURES 


By RALPH W. STEWART,! M. AM. Soc. C. E. 


SYNOPSIS 


An effective method of analyzing the moments in continuous structures, by 
using the geometrical properties of elastic curves, is offered in this paper. 


Me sxe 
The area of any By diagram for a beam or part of a beam represents the 


curvature of the beam or the part to which the -areaisrelated. This curva- 


M 
EI 
ture is measured by the angle between the tangents to the elastic curve at the 
ends of the beam or of the part considered. It may be treated as a rotation of 
the tangent at one end of the curve with reference to the tangent at the other 
end, the center of rotation being the point where the center of gravity of the 


At area is projected upon one of these tangents to the elastic curve. In using 
the method, a graph consisting of a series of lines connecting these centers of 
rotation is substituted for a graph consisting of a series of moment diagrams. 
Each angle between the lines represents a moment area, both as to its magnitude 
and also as to the location of its center of gravity. It is not necessary that the 
graph be drawn to scale as the work is analytical. The method also involves 
use of the familiar mechanical requirements that the moments about a joint 
must balance, for equilibrium, and that the shear in a member must equal its 
combined end moments divided by its length. The series of lines referred to is 
designated as a “traverse of the elastic curves,” because the lines which pass 
through points of support or joints in the structure will be, in fact, tangents to 


the curves formed by the flexed structure. 
Although the method of analysis used in the paper is new, the construction 


of the type of graph used was described by the writer in a paper published 
in 1934.2 


Norz.—Written comments are invited for immediate publication; in order to ensure publication the 
last discussion should be submitted by May 15, 1938. 

1 Engr. of Bridges and Structural Design, City of Los Angeles, Los Angeles, Calif. 

2‘Analysis of Continuous Structures by Traversing the Elastic Curves,” by Ralph W. Stewart, M. 
Am. Soc. C. E., Transactions, Am. Soc. C. B., Vol. 101 (1936), p. 105. 
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TruE TRAVERSE AND EQUIVALENT TRAVERSE OF A SERIES OF 
Exastic Curve UNITS 


Fig. 1(a) represents a column with one end deflected laterally; Fig. 1(b) and 
Fig. 1(c) represent the induced bending moments and the true traverse of the 


elastic curves; and, Fig. 1(d) and Fig. 1(e) represent equivalent moment dia- 
grams and an equivalent traverse. The moment diagrams (Fig. 1(d)) are 


ne: 


| a 


i 


considered as running the full length of the member, thereby fixing their centers 
of gravity at known fractions of the lengths. If the member is of uniform 
section, these points will be at the third points. If intermediate loading is 
applied, the simple moment diagram due to the loading, and its corresponding 
angle in the traverse, are added, as in Fig. 1(f) and Fig. 1(g). This assembly 
of moment diagrams is the same as that used in treatises on slope deflection and 
other forms of analysis. The traverse diagrams express the same data as the 
moment area constants, but in a much more workable form. 

In the following solutions, the symbol, A, represents the relative curvature 
in the entire length of a member due to an end moment, the different A-angles 
being identified by numerical subscripts. The symbol, 6, represents the relative 
angular rotation of a joint, the location being identified by a subscript. Sym- 
bols for fixed-end moments will follow the practice standardized for slope 
deflection. Simple moment areas or their corresponding traverse angles will 
not be used, as solutions will be based on the fixed-end moments produced by 
any loading. 

The stiffness of a member, as used in this paper, is measured by the moment 
applied to one end of the member, necessary to produce a unit A-angle when the 
other end is hinged; or, briefly, is the ratio of an end moment to its A-angle 
Under this definition, stiffnesses of a group of non-tapering members will a 
the same relative values as the stiffnesses used in the end-moment distribution 


3 Bulletin 108, Eng. Experiment Station, Univ. of Illinois; also ‘‘M i i i 
Beams,” by F. E. Richart, M. Am. Soc. C. E., Transactions, Ata: fot, 0. te Vol 06 nia cee 
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method.4 For tapering members, however, the relative stiffnesses will be 
different from those used in the end-moment distribution method, and will be 
easier to compute. 

The values of the separate items of curvature in the members, which are the 
angles in the traverse of the elastic curves, constitute the flexure factors men- 
tioned in the title. 


APPLICATION TO A Continuous Buam or Non-TApPERING SPANS 


In Fig. 2 it is desired to determine influence lines for a load moving along 
Span BC. The relative stiffnesses of the spans are indicated by the numerals 
in circles. 

Apply a moment at Joint B as shown in Fig. 2(b). The next step is to draw 
the traverse for the entire structure. This is easily done by the following 
procedure: (1) Draw Line 31-51 representing the rotated position of the tangent 
to the elastic curve at Joint B; (2) from Point 51 (which is under the third point 


(a) 
(2) (4) (2) @) 
A ate te Cc D E 
465 
153 18 
31 11 3 yA 2 
(b) 
9 6 
51 
297 
93 204 36 36 6 6 
(c) 1 
18 
6 
2 4 11 Sei 4 2 
nie 3 6 
18 
108 
12 12 72 36 6 6 
(e) 
Fie. 2 


of the span) draw Line 51-9 which, if produced, would pass over Joint C, and 
under the third point from the right end of Span BC (directing Line 51-9 
- to pass over Joint C is done because there is restraint at Joint C, and passing it 
under the third point mentioned indicates that the restraint is less than fixture) ; 
(3) from Point 9 draw Line 9-18 representing the tangent to the elastic curve 
passing through Joint C, and continue the traverse to Point 6, all angles being 
opposite the third points of the beam; and (4), since the hinged joint at End E 
offers no restraint, the traverse is finished by drawing a straight line from Point 
6 to Point 2. ; 
Now, assign the arbitrary values of 2, 6, and 4, to the angles of the triangle 
in the traverse of the right span, these values being proportional to the opposite 
sides of the triangle. Since Mpc = Mpzand since Span C' Dis twice as stiff as 
Span D E, the angle due to Mpc will be one-half the angle due to Mpz giving 


4“Analysis of Continuous Frames by Distributing Fixed-End Moments,” by Hardy Cross, M. Am. 
Soc. C. E., Transactions, Am. Soc. C. E., Vol. 96 (1932), p. 1. 
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it the value, 3,asshown. (The reason for assigning the even number, 2, to the 
rotation at End E was to avoid fractional values in Span C D, this division by 2 
being foreseen). The next A-angle to the left of 3 is quickly obtained by the 
following deflection computation: Using one-third the length of the span as the 
unit of length, (4 X 3) + (8 X 2) -AX1=0. Therefore, A = 18. The 
rotation of Joint Cis4 + 3 —18 = — 11. Again, by stiffness ratios, the angle 
at the left of Joint C is 9 and, proceeding as described, the rotation at Joint B 
is found to be 31. The two remaining angles in Span A B, being proportional 
to the opposite sides, are, respectively, 1.5 and 0.5 of 31, or 46.5 and 15.5. 
Fig. 2(b) now shows all relative flexure factors for the beam due to a moment 
at Joint B. To reduce the relative flexure factors to relative moment factors, 
multiply them by the stiffness factors of their respective members. All the 
moments thus obtained resist the clockwise rotation of Joint B. The applied 
moment that produces these resisting moments is the numerical sum of the 
resisting moments acting at Joint B, and is equal to 297, as shown in Fig. 2(c). 
Note that if this moment, 297, acts through Member BC as a medium, the 
actual moment, Mgc, will be the applied moment, 297, less the resisting 
moment, 204, leaving an actual moment of 93, which balances Mga = 93. For 
any fixed-end moment, Mgc, the moments throughout the beam can now be 
computed by one setting of the slide-rule, as each will have the same ratio to its 
corresponding relative moment in Fig. 2(c) that the fixed-end moment has to 297. 
Fig. 2(d) and Fig. 2(e) represent the same procedure for a moment at Joint C. 
In this case, another traverse beginning with an arbitrary angle assumption at 
End A, isrun to Joint C. Owing to the accidental sequence of stiffness factors, 
each traverse yields the same end slope, 11, at Joint C: Ordinarily, the com- 
puted slope at Joint C, due to the traverse starting with an arbitrary angle 
assumption at the right end would not be the same as the computed slope at C 
resulting from the traverse starting with an arbitrary angle assumption at the 
left end; and it would be necessary to eliminate the difference in slopes at C with 
one slide-rule setting by multiplying all flexure factors on one side of the joint 


by the ratio necessary to equalize the end slopes at this joint. With thedatain — 


Fig. 2(c) and Fig. 2(e), all joint moments can now be determined quickly for any 
set of fixed-end moments in Span B C. 

This beam was selected because it has heretofore been used as a demonstra- 
tion problem and this solution may be compared with slope deflection solutions 
heretofore published.’ The superiority of the solution by flexure factors will 
become greater if more spans are added. The extension of the traverse compu- 
tation across another span is a small item, whereas, with slope deflection, and 
also with methods based on virtual work, another simultaneous equation is 
added to an already cumbersome group. 

For a complete solution of this structure, for influence lines involving any 
fixed-end moments in any span, it is only necessary to run one traverse compu- 
tation in each direction the entire length of the beam and then obtain all other 
values by simple ratios requiring only a single setting of the slide-rule for any 
series of moments. These right and left traverse computations have an 
automatic check by Maxwell’s theorem of reciprocal deflections since the final 


° Transactions, Am. Soc. C. E., Vol. 102 (1937), pp. 347, 356, and 1048. 


a 
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moment at Joint D for an angle assumption at End A will be the same as the 
final moment at End A due to the same angle assumption at End Z£. As far 
as the writer knows, this elegant check, which avoids duplication of computa- 
tions, is not available in automatic form with any other method. 

For influence-line computations, involving side-sway of an unsymmetrical 
frame, as illustrated by Fig. 3, it is necessary to determine a set of relative 
flexure factors for each moving joint and the unbalanced shear resulting from 
them. The remainder of the work is by direct proportion and summation. 


9 Fixed-End Moment 


27 Fixed-End Moment + hee Fixed-End Moment 
— 555 


— 444 - 111 
+111 
—444 +106 
+121 +217 
— 323 
Without Sidesway, 
Shear = 500; 
With Sidesway, 
Shear = 0 
—222 + 56 
+151 +121 
=) 7 +177 


(d) 


Fie. 3 


To illustrate: Fig. 3(a) shows a set of flexure factors, computed easily by 
mental arithmetic, beginning with the relative value of 1 for the lower angle in 
the right column and progressing around the frame in the direction, DC B A. 
The numerals in parentheses opposite the column flexure factors are the cor- 
responding moment factors computed on the basis of accepting the beam as 
representing the standard of stiffness, so that its flexure factors and moment 
factors are equal. The column moment factors are then equal to their flexure 
factors multiplied by the ratio of column stiffness to beam stiffness. Adding 
the moment factors for Mga and Mzc it is found that the fixed-end moment 
acting on Joint B to produce these relative moment factors is 9. If this fixed- 
end moment acts through the beam as a medium, the actual moment in the 
beam is equal to the fixed-end moment, 9, minus the resisting moment, 5 = 4, 


128 FLEXURE FACTORS FOR CONTINUOUS STRUCTURES Papers 


which balances the moment, 4, at the top of the column. The upper numbers 
of each group beside the columns in Fig. 3(d) (namely, 222, 444, 111, and 56) 


oJ iG 
are the moments without side-sway for a fixed-end moment of 1 000, being 9 


times the moment factors in Fig. 3(q). 

For side-sway correction the unbalanced shear due to these moments is 
computed assuming the height of the frame as equal to 1. This unbalanced 
shear of 500 is illustrated by the arrow at Joint B, in Fig. 3(0), and the structure 
must deflect to the right until resisting moments sufficient in magnitude to hold 
the structure in equilibrium are developed. To obtain these moments, first 
consider the frame deflected as illustrated by Fig. 3(6), without rotation at 
Joints B or C, causing moments of as yet unknown, and of unassumed, magni- 
tude but with directions illustrated by the curved arrows. In order to trans- 
form this into a true picture of flexure by releasing Joints B and C so they can 
rotate, it is necessary to obtain a series of flexure and moment factors for Joint 
C, as illustrated by Fig. 3(c). This is done by the same procedure as for Fig. 
3(a), beginning with the angles in the left column. These assumed column 
flexure factors were selected so that in crossing Joint C from the column to the 
beam, the multiplication by the stiffness ratio of would give a whole number. 
It is found by easy mental arithmetic that the flexure and moment factors 
shown in Fig. 3(c), are produced by a fixed-end moment of 27. 

The flexure of Fig. 3(b), may now be evaluated. The method usually given 
in existing treatises is to distribute the unbalanced shear between the columns 


; , Ral: Ria 
in proportion to their j-Values, or to distribute the moments due to the shear in 


; it ; : : 
proportion to p-Velues. The writer considers this method somewhat undesir- 


able because it requires remembering formulas and also because it is not a 
universal method applicable to tapering members. The following procedure is 
more easily remembered, equally easy to use, and is applicable to all types of 
members. Note that the equal deflections at Joints B and C in Fig. 3(b), are 
governed entirely by the inclined courses in the traverse along the centers of the 
columns. This will also be true if tapering members are used. For the case in 
hand, since each column has a constant value of J, the A-angles will be at the 
third points, and since the columns are of equal length all A-angles will be equal 
and the distribution of moments will be in proportion to the stiffness factors. 
For the general case, the distribution of moments is obtained by taking relative 
A-values directly from the geometry of the figure and reducing them to relative 
moment values by multiplying them by the respective stiffness factors. For 
the case in hand the most convenient set of relative moment values is obtained 
by adopting the trial moment of 27 in Fig. 3(c), as the relative end moment for 


Column C D in Fig. 3(6). For Mga and Mz in Fig. 3(b), then, 5 X 27 = 36, 


which is four times the trial moment in Fig. 3(a). Joints B and C are now held 
in their deflected position, but are made free to rotate. They will then turn 
until the moment at the top of each column is in balance with its adjoining beam 
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moment and in accomplishing this adjustment the flexure at the bottoms of the 
columns will also receive an adjustment. The adjustments of the column 
moments due to the rotation of Joint A are obtained by multiplying the mo- 


ments in Fig. 3(a), by * = 4, and are written on Fig. 3(b). The moments due 


to the adjustment of Joint C are copied directly from Fig. 3(c). 

It may be noted that the adjustment of moments at the bottoms of the 
columns is one-half that at the tops of the columns, corresponding to a carry- 
over factor of one-half. However, this factor of one-half is for the special case 
of non-tapering members and the method of this paper does not use or advocate 
carry-over factors. 

By summation, the final relative moments for side-sway influence are 30, 
24, 21, and 24, corresponding to a side-sway force, or the shear of theirsum = 99. 
The side-sway moments due to any shear can now be determined by direct 
proportion. 

For a fixed-end moment, Mgc = 1 000, the column moments without side- 


sway are is ~ times the column moments in Fig. 3(a), giving a computed shear 


of 500. The correction moments for side-sway will be = times the moments in 


Fig. 3(6). The column moments without side-sway, the side-sway correction 
moments, and the final column moments, are shown on Fig. 3(d). 


A B D F H J 


~All )” eae ta 


1 l 
Relative A = 1.292 M Relative A = 1.53 M Relative A = 0.60 M 
(b) End Spans 54' Intermediate Spans 64' All Piers 


Shear = 69.4 


Fie. 4 


Multi-Span Rigid Frame with Variable Moment of I nertia.—Fig, 4(a) repre- 
sents a five-span rigid-frame bridge, the deck spans having parabolic soffits. 
The moment-area constants for each member may be obtained by the method 
described by George E. Large, Assoc. M. Am. Soc. C. E.,® or by tables based on 


6 Transactions, Am. Soc. C. E., Vol. 96 (1932), p. 104, Fig. 48. 


g 
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integrations. In this structure all crowns are 27 in. deep, the haunches over 
the centers of piers are 54 in. deep, the piers are 40 in. thick, and d? is assumed 
to represent relative J-values. Young’s modulus, #, being constant through- 
out, is omitted from the computations. 

It is desired to obtain influence lines for any loading. Rotate Joint H as 
shown in Fig. 4(c) and draw the traverse diagram. Designate the relative 
values of the angles in Column B Cas 1, 2,and1,asshown. For Span A B, the 
angles in the traverse triangle, being proportional to the opposite sides are 
computed, from the assumed relative joint rotation of 1, to be 0.69 and 1.69. 
The A-angle of 1.69 corresponds to a moment of 1.31 and the A-angle of 2 for 
the column corresponds to a moment of 3.33, these values being entered in their 
respective places on the traverse diagram. 

These two moments, which act contra-clockwise, must be balanced by a 
clockwise moment, Mp, equal to their sum, or 4.65. Enter this in Fig. 4(c) 
and compute and enter its corresponding A-angle of 7.11. The regular form 
of traverse equation from Joint B to Joint D now gives 1 + 7.11 X 0.59 
— 0.41 A = 0, from which A for Mpz = 12.65 and its moment = 8.28 as shown. 
Enter these in Fig. 4(c) and by summation of angles obtain 0p = 4.55. The 
traverse angles for Column D E£ are now added to the figure, the top moment in 
the column = 15.13 computed, entered on the figure and combined with the 
8.28 deck moment to get Mpr = 23.41. This process is then repeated across 
the structure, and it is found that Myr must equal 711.5 to produce the relative 
flexure factors and relative moments shown in Fig. 4(c). Since the structure is 
symmetrical the same relative factors may be reversed to compute the effect of 
a moment at Joint B. If the structure were not symmetrical a right to left 
traverse would be computed beginning with an angle of 1 to Joint H and ending, 
if correctly computed, with an external moment of 711.5 at Joint B. The 
distribution factors for fixed-end moments at Joints D and F are computed as 
already explained for Fig. 2.. The effect of any fixed-end moment is now 
computed by simple ratios, and the effect of any combination of fixed-end 
moments can easily be tabulated. 


Application to Closed Box-Frame.—In a closed box-frame each flexure factor 


is governed by stress flow along two separate routes. The solution is illustrated 
by Fig. 5, which shows such a structure, subjected to unsymmetrical loading. 
consisting of a single fixed-end moment at Joint B. Designate the rotation 
at Joint D by x and traverse from Joint D to Joint B by Routes DC B and 
DAB. The first traverse gives 0; = 5.5 x + 3, and the second traverse gives 
6p =7x —4. Equating these two values of 6: x = 4.667; from which value 
all flexure factors may be evaluated and the moments determined. The solu- 
tion can then be extended to include side-sway corrections by the procedure 
applied to Fig. 3. 

Application to Partial Fixture—An easily understood and easily used method 
for treating partial fixation is available. In Fig. 6, let it be desired to analyze 


the effect of a partly fixed-column base. Add to the figure an imaginary under- ~ 


ground member, as shown in dotted lines. Any desired degree of fixation can 
now be taken into account in the design by a proper adjustment of the stiffness 


factor, Ko, of the imaginary member, with reference to the stiffness factor, K, © 


ore 
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of the column. For 50% fixture, Ky = K. For any ratio of fixation, desig- 
c 1-r 
a; A. 
Application to Large Buildings.—Buildings like the Empire State Building, 
in New York City, and even those of much lesser size, have so many members 


nated as r, 7 = Peat and, 6 = 


2h 


= 


Fie. 5 


that it is impracticable to analyze them by extending moment distribution over 
their entire width and height. This is especially the case when slow con- 
vergence of the successive approximations is encountered. For such cases a 
plausible method is to assume a degree of partial fixation at the various bound- 
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ary joints around the part that is to be analyzed. For example, in Fig. 7, the 
moments in Girder GH can be determined accurately with only ordinary 
judgment as to the degrees of fixation at Joints A, B, C, D, H, and F. This is 
because a given percentage of error in assuming the moment at Joints 4, B, C, 
D, E, or F will produce a smaller percentage of error in M ¢x or Mua. 
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SuMMARY AND CONCLUSIONS 


It has been noted that the essential feature of the method set forth herein is 
to establish, as centers of rotation, the points of intersection of the tangents to 
elastic curves. Slope deflection is based on rotations at the joints where, due to 
continuity, the governing tangents to elastic curves do not establish angles. No 
simultaneous equations were used in this paper, whereas with slope deflection 
and also with the Maxwell-Mohr method of virtual work, very annoying groups 
of simultaneous equations would be needed to solve some of the problems 
presented. 

A distinction between the method of relative flexure factors and end- 
moment distribution (which also avoids simultaneous equations) is that the 
latter begins the computation at the member affected by the load and works 
outward toward unloaded members, whereas the former begins the computation 
at a point remote from the loaded member and works toward it. The relative 
flexure-factor method does in a “once-over”’ computation what end-moment 
distribution accomplishes by a series of computations. 

The writer feels quite confident that, for the class of structures illustrated in 
this paper, the method of treatment set forth will prove to be superior, not only 
in reduced arithmetical work but also in other respects, to the other methods 
mentioned. 
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WA'TER-HAMMER PRESSURES IN COMPOUND 
PINT BRANCHED PIPES 


By ROBERT W. ANGUS, Esq. 


SYNOPSIS 

In two previous papers,” * the writer has derived the principal equations 
for water hammer and has given the theory in some detail, so that only the 
barest outline of the general theory is given herein. Beginning with the two 
general equations derived by L. Allievi,4 a graphical construction has been 
explained in some detail and illustrated in two simple problems of uniform 
pipes. 

For the application of the method to simple pipes, the reader should 
consult the earlier papers, as this paper deals with other problems, and par- 
ticularly those on compound and branched pipes. Illustrations are given of the 
application to parallel pipes, pipes with dead ends, surge tanks in systems, pipes 
leading from reservoirs and having two branches, each discharging water, the 
effect of gate closure on turbines and draft-tubes, and the case of a pumping 
system in which the pressure falls so low as to cause the column to separate. 
In all these cases the variation of pressure and velocity with time is found for 
various points in the system. 

All these problems, and many more, may be solved by a careful worker, 
both accurately and quickly, on the drafting-board, although their solution 
by analytical means is almost impossible. 

Notation.—The letter symbols used in this paper are defined where they 
are first mentioned and, for convenience of reference, a complete list is given 
_ in the Appendix. 


Norr.—Written comments are invited for immediate publication; to ensure publication the last 
discussion should be submitted by May 15, 1938. 

1 Head of Dept. of Mech. Eng., Univ. of Toronto, Toronto, Ont., Canada. 

2‘'Simple Graphical Solution for Pressure Rise in Pipes and Pump Discharge Lines,’’ by Robert W. 
Angus, Journal, Eng. Inst. of Canada, 1935, Vol. 18, pp. 72, 264. 

3‘* Water Hammer in Pipes, Including Those Supplied by Centrifugal Pumps: Graphical Treatinent,” 
by R. W. Angus, Proceedings, Inst. M. E., 1936. 

4“'Theory of Water Hammer, Notes I-V,” by L. Allievi; Tr. by E. E. Halmos, M. Am. Soc. C. E.; 
Distributed by A. S. M. E., 1925. 
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OUTLINE OF GENERAL THEORY 


When a closed pipe is filled with moving liquid (water will be referred to 
hereafter), the laws governing the changes of pressure and discharge will 
depend upon the conditions under which flow occurs. If the motion is steady 
(by which is meant that the volume per second passing through any section 
of the pipe remains constant as time goes on), the Bernoulli equation may be 
applied. 

When the motion is unsteady (that is, when the discharge at each section 
is varying from one instant to the next), the Bernoulli equation no longer 
serves, and the pressures and velocities are not connected by this equation. 
Sometimes during unsteady motion there is a mass flow of the entire column 
of water in the pipe, such as occurs when the water surges back and forth 
between two reservoirs, or between a reservoir and a tank; such cases are 
common and there must be an open tank or reservoir, or an air chamber, in 
the line. 

On the other hand, variable motion may occur in a fully closed system 
provided there is anything to start it, the motion being then due to the elasticity 
of the water and pipe. Thus, variable motion may occur in a section of a 
pipe system with a ‘‘dead end,’’ due to some change in the system, such as 
the closing of a valve somewhere, although there may be no delivery of water 
through the pipe. 

The three cases are distinct and important: The first is used, for example, 
in finding the size of a pipe for given service; the second case is common in 
water-power plants where surge tanks are necessary to store and restore the 
water during load changes; and, the third case is of common occurrence in all 
systems. Quite frequently, the latter two cases occur together; there is a 
mass surge of the water in the system, but at the same time the elasticity of 
the water and pipes produces independent action, often building up high 
pressures at different points and not infrequently producing pressures at the 
bottom of an open tank many times greater than that corresponding to the 
depth of water in the tank. Under certain conditions, too, the elasticity of 
the water and pipe walls induces extremely low or collapsing pressures, and 
may even cause separation of the water column itself. 

This paper refers to the latter case of unsteady motion which produces the 
phenomenon of water hammer. It will be best to start with the simple case 
of a horizontal uniform pipe connected at one end to a reservoir that has a 
fixed level and terminating in a nozzle, gate, or valve (the three terms are used 
in the paper for the same type of device) which may be used to control the 
flow. The equation of continuity is used and will be specifically applied to 
branch pipes, but it is to be noted that at a given instant the elasticity of the 
water and of the pipe walls enables the discharges at different points on the 
same pipe to differ at the same time. 

In many problems, velocity head is relatively small, as is also friction loss, 
and the cases under consideration are simplified if the two terms are omitted; 
the pressures computed when friction loss is omitted are nearly always greater 
than the actual pressures and, therefore, the results are on the safe side. 
Where pipes burst, or in other unusual conditions, both friction and velocity 


a 
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may have to be taken into account, and the method of doing this is explained 
subsequently. For convenience, the reservoir level is assumed constant, 
although variations in it are easily allowed for; these variations are very slow, 
however, in comparison with the pressure wave velocity. 

The case described is illustrated by Pipe A BC of length L in Fig. 1, in 
which Point A is at the discharge end, Point C, at the reservoir end, and 
Point B, at the center. Under conditions of steady flow with the gate fully 
open, Hy will represent the pressure on the gate as well as the elevation of 
the water surface above the gate, and if the pipe area is Aq, the steady velocity, 
Vo, in the pipe with the discharge, Qo, is given by, 


in which the units are in feet and seconds. Suppose, now, that a closing 
movement of the gate is begun which would effect complete closure in 7’ sec; 
any law of closure may be used, but if it is such that the “effective gate area”’ 
(by which is meant the actual gate area multiplied by the proper coefficient of 
discharge) decreases at a uniform rate with time, the motion is referred to as 
“straight-line” or “linear,” a nomenclature used in the remainder of this paper. 


At Gate End 


| 


At Center of Pipe 


| 
2L 2L 2L 
(0) Vo Sec 2 Via Sec 3 V, Sec 


Fie. 1 Fie. 2 


The actual gate movement may be assumed made in small steps, each one 
of which causes a small change in the pipe velocity with a corresponding 
pressure change along the pipe. The mechanics of the phenomena are fairly well 
understood and need not be repeated, except to state that the first movement 
causes a direct pressure wave to travel up the pipe with velocity V,,, the round 


2 : , : 
trip of this wave requiring = sec, and it returns a second time up the pipe 


from the gate as an indirect pressure wave unchanged in magnitude, etc. 
These waves continue to follow one another, each small gate movement pro- 
ducing corresponding waves, the ultimate pressure at any point being the 
resultant of those due to the separate waves. Fig. 2 illustrates what is meant 
by each wave, and its effect at the end and center of the pipe. 

The magnitude of the pressure waves at the gate may be determined from 
the following considerations: After a small closing movement of the gate, a 
pressure wave travels up toward the reservoir with velocity, Vu, and in the 
time, 57, it will have traveled a distance (see Fig. 3), 


the pressure rise for such change being indicated by 6h. Denoting the part 
of the velocity extinguished in this movement by 6V, Newton’s second law 
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gives, 
mbV _ Aqgw Vw 6T 6V 3 
— wAgbh = Tt aT aS) 2 See ee (3) 


in which m is the mass of the water changed in velocity; and w is the weight 
of a cubic foot of water. The minus sign appears in Equation (3) because an 
increase in 6h corresponds to a decrease in 6V. The formula reduces to, 
— 6h = Vu sy Wigs eg cate Dae CaS re (4) 
g 
Integration of Equation (4) gives, for the first interval: 
h = H - Hy =**(Vo— V) Sed (5) 


in which H is the new reading of the gage at the gate. The maximum value of 
h results when V = 0; in other words, when the entire. velocity is extinguished 
in the first interval, in which case the pressure rise is,® 


Fig. 3 Fie. 4 


pendent of the dimensions of the pipe and of the head, and depends only on 
the velocity extinguished. 

Since Equation (6) refers to the direct waves and takes no account of the 
reflected ones, it can only be applied to find the direct change in pressure corre- 
sponding to an individual gate movement and not to find the pressure rise in 
the pipe, directly, unless closure is effected in one interval, in which case no 
reflection occurs. The equation applies naturally within any interval provided 
the proper velocities are used. The magnitude of the direct wave in the nth 
movement of the gate will be indicated by F,, and is given by, 


F, = An — Ani = Y2(V, <7. Mind )aiieet o Here eae (7) 

Having traced the course of events following the first gate movement, it is 
now possible to see what happens during subsequent movements. If the 
closing time, 7’, is less than e the events are as shown in Fig. 4, where the 


5 A summary of the work done by N. Joukowsky, of Moscow, in 1898, has been given in 


a A aN 7 a paper entitled 
Water Hammer” by Miss O, Simin, Proceedings, Am. Water Works Assoc., 1904, p. 341. 
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numbers indicate the pressures computed from Equation (5) corresponding to 
the small movements of the gate; the combined series of movements produces 
a wave of sloping (curved) front traveling first from the gate, and this wave 
will reach its maximum height before its “toe” reaches Point C, as represented 
in Fig. 5(a). When the closure requires + sec, the wave front is shown in 
Ww 
Fig. 5(b), the wave front covering the entire length of the pipe; but, in Case 
5(c) in which the closure time exceeds , the returning opposition wave 
w 
neutralizes some of the positive pressures and the maximum pressure is exerted 
on the pipe until Point g is above Point j. In Case 5(d) the maximum pressure 
is reached only, but does not remain, as the opposition wave front cancels it, 
whereas, in Case 5(e), the pressure is never as high as in the former cases. 
21 
Vw 
(provided the same velocity is extinguished at each step); but the quicker the 
closure the longer the time will be during which this maximum pressure 
continues. 


The maximum pressure reached is the same in Cases (a) to (d) where T = 


Case (c) 


se Fp Cased) Case (e) 
Vo”? Vo f 


=2L t>22£ 
Vip arVas 


Fie. 5 


For the case in Fig. 5(e) the same maximum pressure is not reached. 
Furthermore, it may be shown that for linear gate movement the curvature of 
the wave front is not great; it is convex to the horizontal axis as drawn, so that 
in such cases as those in Figs. 5(b), 5(c), 5(d), and 5(e), the total pressure rise 
has roughly a straight-line variation from zero at the reservoir to a maximum 
value at the gate, a fact also confirmed by many computations. 

The general proposition may then be stated that the maximum pressure 


: aikie cee 
rise is produced for closing times equal to, or less than, Vv. this is commonly 
w 


referred to as sudden closure. For short pipes the closure may easily be too 
slow to produce the most serious results, but it is quite possible in the longer 
pipes, and, for this reason, it is frequently stated that the danger of damage 
from water hammer is greater in long pipes than in short ones; this statement, 
however, is true only in the sense that the time of closure to produce the 
worst results is often within the range of operation of the valves on long pipes. 


FUNDAMENTAL EQUATIONS FOR VARIABLE FLOW IN CLOSED PIPES 


In order to establish the fundamental relations, the variation in flow is con- 
sidered to be due to closing a valve in a pipe line, thereby causing a decrease in 
the flow. The equations thus established apply equally well to a gate-opening.‘ 
The pipe is assumed to be of a uniform diameter, D, and a thickness, t; and the 
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problem frequently occurs in one or the other of the two forms shown in Fig. 6. 
The former (Fig. 6(a), with the enlarged section in Fig. 6(b)) corresponds to 
closing a nozzle on the end of a pipe, whereas Fig. 6(c) represents a pumping 
line with a control valve, decreased flow being caused by closing the valve or 


Fic. 6 


by cutting off power to the pump. Elsewhere,’ the writer has demonstrated 
that, at any point, situated a distance, z, from the gate (Case (a), Fig. 5) and 
at a time, 7, after closure begins: 


6V 6H 

SPT OD Sp ees (8a) 
and, 

6V g 6H 

or = Vv? 5T Sey aceCOM Te ete) Ce Me Pace, (8b) 


In Case (c), Fig. 5, both left-hand members have a negative sign and, therefore, 
Equations (8) apply, with proper correction to the sign. Furthermore, 


gk 
w 4 665 
Vi = = ————————................... . as. (9) 
KD KD 
ear fae 


in which K is the bulk modulus of elasticity for water; and, E is Young’s 
modulus for the material in the pipe. Some approximate values of the ratio, 


Rr ore: 
Steel plate Te). A A 0.0097 (usually assumed as 0.01) 
@astiaronee. 2a een 0.02 to 0.022 
Gonéreteswy. tao. ae eee 0.10 
WioOd.e sacts.. 2 Gate Dae 0.20 


: OV 0H OV. : 
In Equations (8) and (9), oT bn? a, and va refer to changes in 


a small cylinder (1234, Fig. 6()) situated a distance, x, from the gate. The 
general integrals of Equations (8) were first obtained by Allievi as follows: 


H-m=F(T-2)4s(r42) Oe ae eal (10a) 
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and, 


ve-vatlr(r-#)—s(r+2)| PN cons Hs (10b) 


and the corresponding integrals for Case (c), Fig. 6, are similar except for the 
change in sign of the left-hand member in each case. 

Equations (10) have been illustrated in the Appendix hereto, since they are 
essential to a proper understanding of this paper.. In the Appendix the writer 
has used an example from the paper published in 1919 by Norman R. Gibson, 
M. Am. Soc. C. E.6 One point deserves special emphasis: The pressure head, 
H, is measured above the horizontal plane of the nozzle, so that at Section 1-2, 


Fig. 6(a), the actual pressure in the pipe is only y and is connected with H by 
the relation, ‘ 


The pressure rise at this section is H — Hy = y — yo; but the ratio of the 
pressures after, and before, gate movement is, 

y Hie 

ue aea 


In Equations (10) (which will be referred to as Allievi’s equations), H repre- 
sents the pressure head, in feet, and V the velocity, in feet per second, at a 


Vw 
denotes the sum of all direct pressure waves (positive, in closing), each persisting 


for a time, T = a , at the gate; and r( T+ a ) denotes the sum of all 


reflected pressure waves (negative, in closing), each of which quantities also 


point distant x from the gate, at a time, 7, after closure begins; F ( Te ) 


persists for a time, T = . sec, at the gate. A little consideration will show 


that the direct wave in any interval is equal in magnitude, but of opposite sign, 


to the reflected wave, = sec later, if the reflected and direct waves each 
correspond to the same gate movement. This has been shown in the general 
discussion of the pressure waves in the pipe and also in the illustration given in 
the Appendix. 

Allievi’s equations (Equations (10)) may be used to find the conditions at 
any point on the pipe, but if the pressure at a point, x = 0.75 L, is desired, 


: 1/221 L 
the steps of the valve motion must be not more than zp \ pip aes 
w w 
apart, and a similar statement applies to other points; for the gate the move- 


2L 
Vo . . 

and velocity head are considered if the following quantity, H7, is substituted 

fore: 


ments may be sec apart. Similar equations may be written? where friction 


Hp =H+5- +h A lc «a (13) 


6 “Pressures in Penstocks Caused by the Gradual Closing of Turbine Gates,” by Norman R. Gibson, 
Transactions, Am. Soc. C. E., Vol. LX XXIII (1919-20), p. 707. 
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in which h, is the friction loss, in feet, up to the point considered. The equations 
applying to Fig. 6(a) would then be: 


te-y-F(7-#)+s(T+¥%) A eee nee (14a) 


r Fr ae tte BANA aod 
w-v-t{r(r-¢) s( r+) fo... cae) 


and for the case of Fig. 6(c) they are easily written. The solution of the 
problem is virtually the same whether Hr or H is used, and hence the graphs 
will be constructed using Equations (10). 

The analytical method of dealing with water hammer has been used to 
some extent in practice. For example, Dr. Charles Jaeger’ has described the 
analytical solution in considerable detail and has illustrated it by some ex- 
amples. It must be evident, however, that: (a) Much care is to be exercised in 
its application; (b) some of the calculations are long and somewhat involved; 
and, (c) there is a possibility of error in using it unless one is doing it very 
frequently. It is quite difficult to apply in case of branched and complicated 
pipes, but has proved of great value in establishing basic relationships. 

In order to simplify and hasten the answers to problems in water hammer, a 
number of graphical methods have been devised of which probably that of 
Allievit was the first; but his method was only applied to uniform pipes, without 
friction, and usually with straight-line valve movement. Furthermore, the 
method is not practicable on account of the large scale to which the drawings 
should be made, Allievi used it to develop his useful series of charts. In 1926, 
Dr. Hans Kreitner® described a method of merit which was translated and 
summarized by the writer in 1935.9 This method has been used by Hruschka.” 

The construction described and applied in this paper is based on that of 
earlier writers, but its development is due very largely to Dr. O. Schnyder," 
of Klus, Switzerland, and to Professor L. Bergeron," of Paris, France, who have 
shown that the method is general and may be very simply used in solving the 
most complicated problems quickly. 


and, 


GRAPHICAL MrrHop 


The graphical method proposed herein proceeds from Equations (10) and 
as these formulas are also used in the analytical development the same results 
will be obtained by the graphical as by the analytical solution. By addition 


7“*Theorie General du Coup de Belier,"’ by Charles Jaeger, Dunod, Paris, 1933. 


8“ Druckschwankungen in Turbinenrohrleitungen,”’ Die Wasserwirtschaft, 1926, No. 10; a translation 


by’ Fe ceanr Angus has been filed for reference in Engineering Societies Library, 33 West 39th St., New 


® Mechanical Engineering, December, 1935. 
10“ Druckrohrleitungen der Wasserkraftwerke,” by A. Hruschka, Julius Springer, Berlin, 1929. 


“Uber Druckstésse in Rohrleitungen,” by Dr. O. Schnyder, Wasserkraft und Wasserwirtschaft 


(Berlin), 1932, Vol. 5/6; also, ‘‘ Uber Druckstésse in verzweigten Leitungen mit besonderer Beriicksichti 
von Wasserschlossanlagen,” by O. Schnyder, Wasserkraft und Wessornatechie (Berlin), 1935, Vol. ine 


12 “Variations de régime dans les conduites d’eau,”’ by Prof. L. Bergeron, Comptes Rendus des Travaux 
de la Société Hydro-technique de France, May, 1932, p. 605H; also, “Etude des variations de régime dans 


les conduites d’eau: Solution graphique generale,” by Prof. L. i Ui 
(Paris), 1935, p. 12, ete. que g y Pro’ Bergeron, Revue Generale de l’ Hydraulique 
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and subtraction, they reduce to: 


H — fo 


- (eV) +2F(T- 7) TS (15a) 
and, 


1 Ts ks 


+ (Ve-V)+25( 7+ %) Sworn ch oloa (156) 


If Equations (15) are applied to the gate end of the pipe, where x = 0, 
they will be written: 


H - Hy = ~ 12 (Vo— V) +2 (2) Appel eye (16a) 
and, 
H-Hy= +" (VV) $2F(D) Muh a wise (168) 


(c) f IS NEGATIVE 


Fig. 7 


In Fig. 7 the axes of H and V have been drawn as shown, and Point Ao 
represents the initial steady velocity, Vo, and static head, Ho. In the first 
interval there is no reflected wave, or 2 f (7) = 0, and Equation (166) repre- 
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ry 


2 as represented at Ao P 


sents a straight line through Ao with a tangent — 
in Fig. 7(a). For a closing motion of the gate, reducing the velocity to V; in 


fh ee ie the rise in pressure is given by Line C D which corresponds to 


Fe ee — V;) = H, — Ho, as shown in Fig. 7(a), and Equation (16a) shows 
nay the direct wave, C D, equals F; (T) (see also Equation (7)), since, 


2 F,(T) = Hy — Ho + “ (Vg a Vib io ee (17) 


When the opening occurs from a closed gate, Vo = 0, at H = Hy, and the 
line, Ao C, is the locus of the values of H as before. Both Vo — Vi and H; — Ho 
are negative in this case (see Fig. 7(b)). If, however, the velocity, V = Vo, 
is not reached until an interval beyond the first—for example, in the time 
2( = Be lS “> —then the pressure reached is modified by the reflected 
wave. When the gate is being closed, the previous discussion shows that the 
reflected wave produces a negative pressure equal in magnitude, but opposite 
in sign, to the direct or F-wave produced in the previous interval. In Fig. 7(c) 
let V; be the velocity reached at the end of the first interval, then the pressure 
corresponding to this velocity will be represented at Point A: and Line A; # 
is the pressure rise, or the value of F; (7) in the first phase. It is also the 
numerical value of the reflected pressure or f-wave in the second interval; 
that is, 


Ay EK aa re fo (is) tives, eee tele ie hetrat wh elec tele .<) ate. oleate (18) 
Equation (16)) with Fig. 7(c) shows that, 


Ayr ae ve (i 2a ae ee (19a) 


and, 
2ALE = Ay K =~ 2F, (T) = 29D) at eo 


Hence, H, — Hy) = A2F; and, A» represents the conditions corresponding to 
the change of velocity, Vo — Vo, since A.’ Ag = A’ K. Point A» is determined 
graphically either by making Line # K = Line A; # and drawing an K A» 


parallel to Line Ao P; or, by drawing Line AiG at the slope + —* Vo (that 


is, Aj HE = EG) and drawing Line G A parallel to Line Ao P. 

When the gate is being opened, the result is quite similar. Suppose the 
gate is opened from a closed position with V» = 0 and the velocity, Vj, is 
reached in the first interval, it is evident that Line C D, Fig. 7(6), represents 
Hy — Hy. If the velocity, Vs, is reached in the second interval, the con- 
struction would be as shown in Fig. 7(d), in which both Vp) — V2 and Hy — Hy 


are negative, the slope of the line has the same tangent, — ve , aS before, and 
g 
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A, represents the pressure at the end of the first interval. Therefore, F; (T) 
is negative and f. (7) is positive and equal to A; H, and the point, A», repre- 
senting H; lies at A, above A.’. Equations (16), therefore, are easily repre- 
sented by this graphical construction. 

These two formulas, Equations (15), then, 
define the laws of the graphical method, and 
it only remains to re-arrange them into a 
more useful form. Applying them to the 
pipe shown in Fig. 8 (in which case 7, 71, 
and 7», denote the times that the same di- 
rect wave passes, respectively, Point A on 
the pipe at the origin, Point B at a distance, 
x, and Point C at the reservoir, which is a distance, 2. = L from Point A), it 
is to be noted that, 


T, = To + Ve ae (20a) 

and, 
Uh, 2 GaN Lk A ae ee (20b) 
5 Va5 s 


Therefore, while the direct wave is proceeding from Point A on the pipe 
to Point C, the following equations apply (using H 4, ete., to denote the steady 
condition): 


F: Peey payne iors Raab ay an @ bs aretonts atl (21a) 
x 
Hpn — Hg = -(Vm = V pr) 2R( Th = ) 
# <2 (Vien Vimeo H ea te. sale eet) 
and, 
Ve nip) 
Hors — Hoo = ~** (Veo — Vor) +2 F(T: - 72) 
a == (Ve — Vigh) Se PCTS ak sy ade) 


Furthermore, while the reflected wave is proceeding toward the gate, the 
reverse of Fig. 8, and reaches Point B at the time, 73, and Point A at the 
time, 7's, the following equations apply: 


x 
Her, — Ho = +=2(Vou — Vere) + at 24-7.) 
=-+ 8 (Ver Vice) =tQif (C14) seme «7. oes as ag (22a) 
5 5 x 
Hors — Ho = + ©2 (Vm — Vans) + 25( T+ 72) 


Bet (Vi ZV ni ONT ace: > ae (22) 
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and, 


Vay fame tale a eee (22c) 


Hars — Hao = + 7 


Generally, at any point, such as Point B, and at any instant, two waves 
are proceeding: The direct wave toward Point C; and the reflected wave 
toward Point A. For the direct wave the pressure rise above the initial steady 
pressure, Hzo, at Point B is given by Equation (210), and for the reflected 
wave it is given by Equation (226). If friction is not being considered, then 
Hao = Hao = Hoo as the water level will be the same in piezometers attached 
to the pipe at Points A, B, and C; and subtractions of Equations (21) and 
(22), made in suitable order, give: 


Haro — Hem = + “(Var —"V pri) pace hie (23a) 
eva spe “ (Vark= Viele ee (230) 
Ve5 
Here Se Hers = —g suor tg Vers) atte hoteles) ores ele tele (28c) 
and, 
Pige iee — <2 (Vor Vind leap atlanes 


The case illustrated is that of a pipe discharging from a reservoir through 
a closing gate. A very common case is also that of a pump discharging through 
a pipe into a reservoir, as shown in Fig. 6(c). The flow is controlled by a 
gate near the pump, the movement of the gate causing pressure disturbances. 
It has already been shown that the algebraic signs of the fundamental differ- 
ential equations are the opposite of those in the case of Fig. 8. This only 
means that all terms on the right-hand side containing V will change sign, 
and, hence, for the case of the pump with controlling discharge valve near it, 
the Equations (23) would be written: 


Vw 
Haro — Hen = — g (Var mn ery) duet abice, te (24a) 
and, 
Hgn — Here 


Vw 
Day (Var —aliggs) so 0 be (24b) 


etc., the letters, A and C, referring to the valve and reservoir ends, respectively, 
of the pipe, as in the previous case. In Fig. 8, let z2 = 10 000 ft, in which the 
length, 71 = 4 500 ft, and V. = 4 000ft persec. Then, reckoning time from the . 


beginning of closure, it follows that 7) =0; 7, =O+ peau = 1.125 sec; 
Ay 10000 _ u 10 000 — 4 500 

T, =0 bh 4000 =42.0 sec; T3; —T, = "SeEOee ie = 1.3875 Sec; and, 

T, —T3 = 5 000 =1 .125 sec. 


4 000 


January, 1938 WATER-HAMMER PRESSURES 145 


For many problems the series of equations is best left in the form shown 
in Equations (23) or Equations (24), and some illustrations will be given 
subsequently in which this method is adopted; but it often happens that the 
engineer is more interested in the proportional rise in. pressure than in the 


actual pressure and wishes to know the ratio, ek directly. The results are 


0 

the same whether one obtains H, H — Ho, or + ; it is purely a matter of 
0 

convenience for the particular application. If the equations are modified to 


_yield the value of call Equation (23a) may be written: 


Hy’ 
Haro Hen oF 5 Vw Vao (Varo _ aay oe 
Ho Ho 2g Ho Vie Vie ee 
Ordinarily, small letters are used to designate the ratios; thus:hg7m = H a : 
0 


Woe V Ao 
2, g Hy 
to as the pipe-line characteristic, as defined by Allievi. Similar relationships 
are found for the other equations and Equations (23) then take the form: 


vB = aes etc. Furthermore, the relation, 
Bo 


= p, will be referred 


tanmiahan = 4-2 pate ~UBTi).. eo nceaee se es (26a) 

hem — her = + 2p Wari — Vera). ow. c eee e eee (26b) 

here — hprs = — 2p (Vere — UBT3)......-++.-0-- (26c) 
and, 

hers a hava =e) p (vprs — VATS) And aifcuailewieivghe ueien seeds (26d) 


which is the form in which they are mostly commonly used in the graphical 
construction. For the pumping system (see Equations (10)), the algebraic 
signs of the second terms would be reversed. 

The derivation of Equations (23), (24), and (26) has been made for closing 
movements of the gate only, but they will apply in exactly the same form to 
opening movements, because in this case, the change of pressure has the 
opposite sign to the change of velocity as in the case of closure; therefore, the 
two series (Equations (23) and (26) and the corresponding formulas for the 
pumping system) apply also to opening movements. 

To represent Equations (26) graphically, axes of h and v, Fig. 9, are as- 
sumed, the origin having the value, h = 0, v = 0. The values of h should 
preferably be plotted on the vertical axis. Continuing still with the problem 
of closure, as in Fig. 6(a), the values at Point A during steady flow before 
closure begins are H = Hy and V = Vo; hence, at the start, h = 1 andv = 1, 
corresponding to the time, To, in Equations (26). Furthermore, the pressure 
wave does not reach Point B until the time, 71, and does not reach Point C 
until the time, 72, therefore, up to these respective times the conditions at 
Points B and C remain unchanged, or ham = her. = 1, andvgrt = vor: = 1. 
In Fig. 9(a), a point A7o, will represent the conditions at Point A at the time, 
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To; similarly, Br: will represent those at Point B at the time, 71, etc. There- 
fore, Aro, Bri, and C'r2 are all at Point h = 1,v = 1. 

For this problem, if it is assumed that the reservoir level is constant, then 
all values of hc = 1, and hence all points, C, must lie at h = 1 on the axis 


1.4 
14 ; aes “Ura 
ke 1A Arg 
13 ee At A 
AN a 
1.2 B } =I Brs Arz < 
Brit Bac aes Br3 is At 2 
gyal | = S 12 
KLTINZIN,. ; 
A = 
re i Aro @ 
20 Cri2 Crio | 1 Cre Cre i Cra Bry * 11 
Cc. 
09 i S| 7 as 
= / 
~ 08 imae / 
: / 
207 | J LL 
= : nif 
£06 / 4 i + he 
= 
0.5 | sts 5 ] ee 
° 
0.4 ae / i WV wo 
o 
| 
0.3 | a © 
> 
0.2 ee + 
(a) 
1 . 
ey (og eg Taal r 
GES 
% 0.1 O02 OS 0495s 0:5.85:0:6) 0.7 0:89-0:39 > 1:0 
Values of »v Coefficients of Ratio ah 
w 
Fic. 9 


of v; Equations (26a) and (26d) are then represented by a point. It may be 
simplest for the moment to proceed at once from Points A to C, thus combining 
Equations (26c) and (26d) into: 


here car hava == 2 p (Vere = VAT4) of 400 oe) ohn a 8 aga: SR (27) 


This is evidently a line through C7» sloping at the angle, tan-! — 2 p, which 
defines one line on which A 7, lies. It is now necessary to establish the law 
connecting the head, H4, and the velocity, Vu, at the gate. No matter what 
form the gate has, the velocity of discharge from it is, 


VA = Ga V2gH4 a iebe! eae’ '* 1e: aureire (oMsity. ec Jottate we CUreee (28) 


in which cq is the coefficient of discharge, and in which the discharge is found 
by multiplying this velocity by A,, the area of the gate-opening. Hence, the 
pipe velocity is, 

_ Ag Kite N2G Hae 


Va ay 


nahh 


wr 
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in which B is a function of the effective gate area, (cq A,); and, therefore, B is 
a function of the time. For the initial steady condition: 


V =< B V H C Ooh) Sata. Seas ane eeene eees , 
and, therefore: = pe : .... (30a) 
Va Bs B ee Hy, 

Vao Bo Hy ‘ ET MEDS NS a 8a EE (300) 


in which r is also a function of the time and has a maximum value, t = 7) = ii 
for full gate-opening. Expressing Equation (300) in the notation adopted: 


Da en RN re PMO, Uae ais tds eee (31a) 


or, at the time, 7's, at Point A on the pipe: 


VAT4 = T4 V hava SR ctimthae Negi) Pectath i cc eRe ey ae ae (310) 


Equation (316) is evidently the formula for a parabola with its vertical axis 
coinciding with that of h and with its vertex ath = 0,v = 0. Sincer = 7% = 1 
for the full open gate, the corresponding curve will pass through h = 1, » = 1, 
and is easily plotted. Similarly, the parabola for 7, is readily drawn if the 
law of gate closure is known, because for each instant during gate motion the 


value of ze = 7 is known. 
Bo 


If a parabola corresponding to 74 is drawn in Fig. 9(a), it will be the locus 
of the points, Ars, and where it intersects the other line containing Aru, it 
will locate the desired point. It is now possible to locate Br; and, for sim- 
plicity, B will be assumed at the center of the pipe. Equations (26) show that 
it lies on the line, Cr2 — Ars, and following the method already adopted, one 


may write: 
hat. — hers SS Phy (hii = Ue) mocco boo soc ue Gr) 


but Av» lies on the parabola, with the value, 72, found as in the case of that 
for Ars (for linear closure, tz = 3 (1+ 7,4)), and, therefore, Equation (32) 
represents a point and Br; coincides with A7r2. If one desired to know the 
conditions at Point A one interval later, it would be necessary to find the 
point, Ars, for which the following equations would be written: 


hara = hore = p (Var4 =, Vers) SR Mel ce trae te. \hd ans ae (33a) 
and, 
here == hares = —2 p (vere = VATS) CRE 2 ce tees (33b) - 


Passing through A71, Equation (33a) locates Crs (for which h = 1), and 
Equation (336), passing through C76, gives Ars on the parabola, 7s, drawn 
similarly to 74. Fig. 9(a) has been drawn for p = 0.8 and for closure in three 
intervals, conditions at Point A and Point B being shown. The corresponding 
values of v and h have been plotted on a time base in Fig. 9(6) and Fig. 9(c). 
Evidently, in solving such a problem it is necessary to know: (a) Complete 
data on the conditions in the pipe for initial steady flow; (6) the law of varia- 
tion of gate-opening with time; and (c) further information about the conditions 
at some other point such as C. When the pipe is connected to a large open 
reservoir, or to a large surge tank, the variations of water level in the latter 
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during the water-hammer period are generally negligible, because the water- 
hammer intervals are very short compared with those required for the mass 
movement of the water. Practically, however, there is no difficulty in dealing 
with variations of level at Point C, or with any other condition that may exist 
there. With water-turbine gates the linear law of movement is used approxi- 
mately, but for ordinary hand-controlled gates the movement may be quite 
irregular; once the effective areas are known, however, on a time base, the 
values of 7 for each interval or fraction thereof are known and the problem is 
easily solved. Of course, the spacing of the 7-lines will not be uniform in the 
latter case. 
GATE-OPENING 

For gate-openings, precisely the same set of equations is used, but the value 
of V to be chosen in computing p requires some thought. If the gate is opened 
from a closed position, the initial pipe velocity is zero and, of course, cannot 
be used; and if it is moved from one open position to another position with 
larger area, there are two steady velocities, that at the beginning and that at 
the end of the movement. An examination of the theory will show that either 
of these velocities may be used, and v will then be solved for relative to the 
selected reference velocity. It is always most convenient to use the steady 
velocity corresponding to the final position of the gate within the limits of the 
problem, because this gives values of v less than unity on the whole, and such 
values are easier to work with than when all values of v exceed unity. For 
that reason this method has been adopted herein, although the same results 
will be obtained for the other values of V, provided the meanings of p and v 
are kept in mind. 


0.7 
Values of » & 
S; 


/o/ 
6, 
7 
é 


Values of hk 
0 


Fic. 10.—Oprrentne From Har to Fuut Gate in JT = 3 ( ate ) = 18 Sec 
w 


The example shown in Fig. 10 is for a pipe working under a head, Hy = 800 
ft, and with a steady velocity, V; = 4 ft per sec; and the changes of pres- 
sure have been determined at Point A and also at Point B (1, = 42). The 
valve is opened in 1.8 sec to such a position that the final steady velocity 
will be Vz = 8 ft per sec; and, V. = 3500 ft per sec has been assumed. 


: : 205 
If the pipe is 1050 ft long, then Waa 0.6 sec; and, hence, 7’ = 1.8 sec 
206 { Z 
= a sec. Inother words, opening occupies three intervals. Furthermore, 


3 500 < 8 ’ rhe 
P= 35039.9 < B00 ~ 0.543, so that the lines in Fig. 10 have a slope such 
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| 

that tan + 2 X 0.543 = tan“! + 1.086. The equations for the solution of 
this problem are written from Equations (26). The parabolas, 7 = 0.5, 
7, = 0.667, 72 = 0.833, and 73 = 7) = 1, are drawn in light lines, but since 
Point B is at x, = 3 L, the parabolas one-third the way between the foregoing 
are also drawn dotted; for example: 7 = 0.611, 7 = 0.778, and 7 = 0.944. 
The starting point is evidently at Point Ao, Fig. 10, where v4o = 0.5; and 
hao = 1. This point is also Bo. and Co.3, and the construction should be 
followed without difficulty. (In all values such as Boi, etc., the subscript 
following each letter gives the time, in seconds, at which the values of h and v 
are represented by the point.) The actual head at the point at the time 
marked, of course, will be the indicated value of h multiplied by Hp = 800 ft, 
and the actual velocity is the value of v multiplied by the reference velocity, 
V. = 8ft per sec. All points, A1,s and beyond, are plotted on 7 = 1. Since 
the gate remains in a fixed position from that time on, the pressures along the 
pipe reach Ho quickly. 


CompounpD PIPES 


The analytical solution for the pressures in compound and branched pipes 
becomes extremely difficult, if not actually impossible, in many cases; and yet 


SE 
Vi 7 "Gate 
0.6F Op =0.258 (by = 0.347 (a) 9, =0.5 
2L 
Fig. 11,—Linnar Gate Ciosure in T = 2 ( v. ) = 12 Szc 
w 


the graphical construction furnishes a very simple method of solving the same 
problems. The first illustration is the pipe of Fig. 11, consisting of three 
parts of different lengths and diameters, all necessary data being shown on 
the inset. In order to clarify the illustration, linear gate closure and con- 


venient ratios between the values of =m have been assumed. Any other data 
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may be treated just as easily although the drawing might have more lines on it 
and, therefore, might become larger. Only the first few equations will be 


written: 


hac has = 2 paltap ce Ces) ee ee (34a) 
has. — hes = +.2 pe Wan UC et See ae (346) 
hes:— hoe = + 2ipe Wow De) pone ro lee (34c) 
hus — hac = — 2 pga! — Ode) oy. POs eee ee 
haa — hei = +2 pg (O44 — Bz)... ne ORO) 
hes — har =s—i2 bp Wes. 1081) tis - Se ee (34f ) 
hag hee = 2 pa Uae Bs) Ti kee eee (349) 
hes — hor = + 2 py (Ops — te7). 60s ose hee sede (34h) 
and, 
hos — her = — 2 pe (pe — Vc7). «ee ee ede vee ee (BAB) 


Equations (34a), (346), and (34c) correspond to the single points, Ao, Bs, 
C;, De, ath = 1, v = 1; Equation (34d) locates the line, Bs As, on Ao Ag, since 
A, is fixed by the value corresponding to the time and consequent gate- 
opening at the end of one interval for Section A B, Fig.11. Having determined 
the values of Ao and Ag, the points, A, and Ay, are found by the method 
described for the simple pipe. Equation (34e) with Equation (34f) locates 
Point B; and Equation (34g) then gives Point B;; from these, Equations (34h) 
and (347) serve to locate Point C;. By writing out the successive equations, 
the points, Ds, Cs, Dio, Bs, Cu, ete., may be found. All A—B lines have the 
slope, + 2 pa, all B-C lines, the slope, + 2 p», and all C—D lines, the slope, 
+2p,. All points, D, are on the line, h = 1, since the reservoir level is 
assumed constant. 

Whereas the pressures at Point A rise continually until closure and then 
fall rapidly, the pressures at Point B rise quickly during the first 9 sec; then 
they remain nearly constant to the 15th sec, after which they fall. On the 
other hand, the pressures at Point C remain nearly constant for the first 17 sec, 
after which they become less than Hy. The velocities may also be read easily, 
but usually are not desired. A pipe with any number of sections may be 
investigated just as easily, although those with fractional values of a may re- 

w 
quire a lengthy but simple construction, similar to Fig. 11. It is to be noted 
further that all the values of p are connected since they are all referred to the 
same values of Ho and, therefore, must be related in the same manner as the 
pipe areas. 
BRANCHED PipEs; THE SurcE TANK 


Pipes with branches form a particularly useful application of the principles 
under discussion, and these include penstocks with surge tanks, water pipes 
with a branch parallel to parts of the main line, but connected to the line at both 
ends of the branch, branches with dead ends, etc. Perhaps the easiest case to 
begin with is the water-power system with an open-top surge tank (6) between 
the conduit (c) and the penstock (qa), as illustrated in Fig. 12, in which Point A 


com 


ord 
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is the gate (it would be a turbine in this case), Point B, the junction point of the 
penstock, conduit, and tank, Point D, the water surface in the tank and 
Point C is at the conduit entrance. The case of load rejection with mOMinede 
gate closure will be considered. 


(2) PENSTOCK 


Slope=—2 p, 


of 


Values 


0.4 


Values of : : ‘ 
Bi, 


(6) TANK 


Slope=—2 p, 


1.2 Do 


Values of 


14 
Slope=—2 e, 


(c) CONDUIT 


Values 


Fig. 12.—Non-Lingar Gate Ciosure In T = 2 ( a ) = 8 Src 
w 


When the load is rejected, a mass movement of the water takes place up 


into the tank; but compared to the interval, 2 eo , for the penstock or tank, 
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this movement is quite slow, and with tanks of usual proportions the change of 


level of the tank, say, for five intervals of ae sec of either the tank or the 


penstock would be negligible as far as it affected the pressure at Point B. 
On the other hand, the gate movement produces pressure or water-hammer 
waves, which are very rapid and which, at times, do produce serious pressure 
changes at Point B; but in the first instance, at least, changes of level at Point C 
and Point D are not considered. It then follows that in the graphical repre- 
sentation all Points C and D lie on the line, h = 1. 

The method of dealing with this case is the same as the others. Friction 
and velocity head being neglected, the pressure at a given instant at Point B is 
the same whether it is considered as a point in (a), (6), or in (c). Hence, 


hep shan Ship hB one ea een 


and during steady flow, hao = 1. In addition, if the positive direction of V. 
is toward Point B, while those of V, and V2 are away from Point B, the equation 
of continuity for that point will be written, Q. = Qa + Qs; or, Qa = Q- — Qo; 


that is, 
AS VPREALVG OAPVEC See (36a) 


For steady flow Equation (86a) becomes, 
Aé Veo = Aci Viel Ay Vide tee ne eee ae (360) 


Pets : ; Ac. A.V. A, V 
Divid E CO GR ey aeug se Oe 
ividing Equation (36a) by Aa Vao gives AW a dharma ae or, 
AaVa Ac Vea Ve, VAs Vio Vo 
A, Vag BaViatVie Be Van Va ee ee 


In the notation already adopted the left-hand term is written vg and each 

of the two right-hand terms has the same form as the left-hand one, thus, the 
Ae Veo Ve : ae 

term, ey aS a contains a fixed constant multiplied by the velocity ratio, 


Ve . . . 
Ve? and the entire term may be written, v., by arbitrarily defining Vo so that 


A, Veo = Aa Vao. A similar statement applies to the second right-hand term, 
and, therefore, Equation (37) may be written, 


Va = Vel [0p he kaa eee a eee (38) 


This method of defining V9 and Vy» at once gives a value to the velocities 


used in finding p for the pipes, (a), (b), and (c), and, therefore, these values of p 
will be written: 


at Vwa Vao 
Pa = 29H ain: /okegle Ne ia okuate Sot ach aero eld dace Re cane (39a) © 
oye = Vs Voo ae Aa 
Tp (398) 
and, 
Pe = Vwe Veo Lay Aa 
c 9 g Ho — VAG Pa Cer NE) © 258 Qi wrede ©. 0) 6 ene fe due (39c) 
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Using Equations (38) and (89) this problem presents no more difficulty 
than the simple pipe. It is possible to follow the methods described at the 
beginning of this paper and represent the conditions in the three pipes, (a), 
(b), and (c), Fig. 12, on a single diagram, but the latter then becomes very 
complicated and it will be better to draw them separately. The data for the 
problem are given in Fig. 12, the tank area being assumed uniform and equal to 
four times the penstock area and the head, Hy) = 300 ft. The data assumed 
give pa = 1.00, pp = 0.25, and p, = 0.667, and closure is assumed in two 
intervals of the conduit; that is, 8 sec. The lengths of the pipe and tank have 
been distorted deliberately so that the problem may be solved on a small sheet 
and still show the principles. In attacking these problems it is best and 
quickest to have the three diagrams side by side so that all axes of v are in the 
same straight line; to save space, the figures have been moved from their 
original positions used when solving the problem. 

The diagram for Az and A, for the penstock, (a), should require no expla- 
nation, the points, Ay Bo, Bz Cs, Bz D3, evidently are placed correctly at each 
starting point and, although vg and »v, are measured to the right, it is necessary 
to measure v to the left, as it has a negative sign. Having found Az and A,, 
the formula, haz — hps = + 2 pa (va2 — V4) (from Equations (26)), gives one 
line on which B, lies. The point, Bu, however, must be at the same height in 
the diagrams for Pipes (a), (6), and (c) from Equation (35) and also, from 
Equation (88), 

Meat a tewh ee Uy weet bo atcibio na fy Cub obra dots aC) 


The notation in Equation (40) is complicated but vag4 is written for the velocity 
in Pipe (a) at the point, B, and 4 sec after gate motion begins. Equation (40) 
shows that Point B, lies on a line, Ay M, located as follows: v7. = 0 in Equation 
(40) if v» = v-, all being taken at the same pressure. This is easily seen to be the 
pressure at which a line (not shown for lack of space) through the point, 
ve = 0, h = lat slope + 2 py on the (c)-diagram, intersects a line through the 
point, v». = 1, h = 1, and at the slope, — 2p, on the same diagram. This 
point, so found on Conduit (c), gives the height of the Point M so that M 
represents the same pressure; B, then lies on Ao M. This also locates By on 
the (b) and (c)-diagrams since, 


hos — hea = — 2 po (vps oo pa) eluie te oh Oy hl veel wich aelreta (41a) 
hog — hzio = 22 Ding (Bag = UBi0) ce Us: atu ole en CELOD 


and, 


and B, clearly lies on Bz — Bio, or this line produced. 
Next, Ag is found since it lies on By Ag from the equation, 


hes — hag. = iD Da. (OBA VAG) «+ aye vie dle De oye aD 


It also lies on the parabola corresponding to 6 sec after closure begins. The 
next point is Ds which lies on Line B, D; at Slope +2pyandath=1. Next, 
B, lies on a line through D; since, 


hps — hes = 12 pa (perl). oly» ddinw od 4 ieee) 
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and it also lies on Ay Be of the slope, + 2 « and, furthermore, it must be 
located so that vans = Yess — Yves. A little consideration will show that it 
must then lie on a line parallel to Ao M, but horizontally displaced to the left 
by a distance, D; Ds. 

The remainder of the construction is similar. To locate such a point 
as Bys, the line, Ao M, is displaced horizontally by the distance, (D3; — Ds) 
+ (Cs — Cro), and, similarly, for other points. 

It is well to check the method frequently by scaling the drawings and 
remembering that the continuity equation holds at Point B at any instant and 
pressure. Thus, the point, Bs, represents the conditions at Point B at 8 sec 
after closure begins, and scaling from the drawing at this point for each section 
givesv, = — 0.05; = 0.97; and», = 0.92, so that va = ve — v» = 0.92 — 0.97 
= — 0.05, as it should. At this instant, all the water flowing through the 
conduit, (c) Fig. 12, together with some water from the penstock, (a), is flowing 
into the tank. However, at 10 sec after closure begins the water is coming 
from the penstock at a high rate, as shown at Bi on the diagram for Penstock 
(a). It must not be thought, however, that water is actually flowing into the 
nozzle from without, for no Point A ever gets to the left of the axis of h, although 
all points, from As on, lie on this line because the gate is closed. 

A little care is needed in the interpretation of the results; for example, at 
6 sec, the point, Bs, corresponds to h = 1.13 and, therefore, to a rise in pressure 
at Point B of 0.13 X Ho = 39 ft, and, similarly, for other points. 

Although the left-hand scale for Tank (6), Fig. 12, is confusing at first, it 
soon ceases giving any trouble. In dealing with all such problems the points, 
A, must be chosen close enough together to enable the solution to be made. In 
most cases the ratio of ne has the smallest value for the tank, but whether it 


w 


has or has not, the time unit is selected at least as small as the lowest value of 
2S : Seti : 
= in the system and parabolas are drawn with this time spacing. In this 


case, the smallest value of this term is 2 sec in the tank and on Fig. 12, therefore, 
values of A are found for each 2 sec. When the periods of the pipes are not 
multiples of one another, a sufficient number of values of A must be found to 
complete the problem, and sometimes the work is prolonged, but gives no 
trouble of any kind. 

The volume of water flowing into the tank due to water hammer is easily 
computed. At 4 sec, xs = 0.14, and the volume passing into the tank in the 
first 4 sec, therefore, is: 

Ae Vos xe rf = UbB Vao Aaa = 0.14 Qo Vas 2 ptt 6 6 te eeetene (44) 
in which by definition of Vio, Qo = Aa Vao = Ap Bw is the initial steady flow. 
2 Ls 
at 
cuft. The velocities, of course, are all measured on the diagram for Tank (b) 
and, for accuracy, D; and D; should be raised above h = 1 to suit this increased 
volume; but usually the change of level is so small as to have no practical effect. 


At the end of 6 sec, the total volume that has passed in is (vyp4-+ 5 Be) Qo X 
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Water Main with Brancu; Errect or Deap ENp 


The next example is the case of the water pipe illustrated in Fig. 13 and 
Fig. 14. It represents a 15-in. pipe supplied by a reservoir with constant level 
and discharging through a nozzle or gate, for which it is assumed the law of 
closure is known. This pipe has an 18-in. branch connected to the main at 
Points B and C in Fig. 13, but only at Point B in Fig. 14, the free end of the 
18-in. pipe being plugged in this latter case. The pressures in the pipe are 
sought in the two cases, and, in that way, a comparison is possible between the 
closed circuit and the one with ‘“‘dead end” under exactly similar conditions. 
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ba 
ConneECTED TO Main at Two Points 


Starting with the first case (Fig. 13), separate diagrams will be made for 
the four parts, (a), (6), (c), and (d), designated in the drawing. The data are 


in the four parts as 2 sec, 1 sec, 1 sec, and 3 see, 


' L 
selected to give values of 7 
respectively, and, also, pa = 0.5, from which the previous discussion shows 


that this is also the value of p, and pa, and that py = a Pow 0.347. 


Furthermore, assuming that all velocities have their positive directions 
toward Point A, the continuity equation at Point B is va = v» + v., and at 
Point C, itis va = % + ve. Therefore, the point, Ao, in Fig. 13(a), corresponds 
to vao = 2; in Fig. 138(6) and Fig. 13(c) both vy and vo are unity, whereas, in 
Fig. 13(d), the value is va = 2. The initial starting points on the four diagrams 
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are designated Ao Bs, Bz Cz, By C3, and C's De, in accordance with the notation 
already adopted, and the slopes of the principal lines on these diagrams are 
+ 2*p, etc.; furthermore, in Fig. 13(a), parabolas for 2 sec, 4 sec, 6 sec, etc., 
after closure begins, are drawn and the points, A» and A,, are found in the usual 
manner.. Point By, is located at the same elevation in Fig. 13(a), Fig. 13(0), 
and Fig. 13(c), and also, for this point, ¥% = v» + %; and in order to carry out 
this condition, an auxiliary line, 49 M, is drawn, exactly as in Fig. 12, such 
that at any pressure the velocity shown by A» M is the sum of the velocities in 
Fig. 13(b) and Fig. 13(c) at the same pressure. Then, 


hao — hpa = + 2 Pa (VA2 = Vp4) wha ‘A elafiaie eo aiadelets Tonner (45) 


gives the line, A:-B,, and, consequently, the point, B,, and this point is then 
projected over to Fig. 13(6) and Fig. 13(c). 
Next Point C; is to be found and the equations by which it is located are, 
for Fig. 13(6): 
Apa — has = + 2 Pb (Up4 a VCs) 2. «ete eels ake ate rere (46a) 


has — hos = + 2 de (UBs — COs)... eee ee ee eee (46b) 


so that lines through Point Bs representing these equations are drawn on the two 
diagrams. The continuity equation also gives v% + v- = va so that Point Cs 
will also lie on a line, g Cs (Pipe d), having the same inclination as Ao M, 
but with its tangent of opposite sign, the point, g, being located so that 
B,e+ B.f = Deg. (This is quite easy to demonstrate by geometry or by 
actual measurement, as the reader desires.) Again, the equation, 


hps — hcg = = 2 pa (eA OE) «nl en Dita ae ee 


shows that Point C; is located at a point on the line through Point Dg, and at a 
slope, — 2 pa, so that the location of Point C; is determined in Fig. 13(d), and 
then projected horizontally to Fig. 138(b) and Fig. 13(c) as indicated. The 
next point, Be, is similarly found and, in this case, Ay) h = B,j7 + Bok; and the 
line, h Bg, is parallel to Ag M. Point Bg is also located on A, Bg at the slope, 
+ 2a. Another point, C7, is obtained by making Line Del = B.n + By m, 
and drawing Line / C7 parallel to Line g Cs. 

The process is then carried on to the final solution, it being remembered 
that all A—B lines have a slope, + 2 pa, all C—D lines, a slope, + 2 pa, and all 
B-C lines, a slope, + 2 po, or + 2 p,, depending on whether they belong to 
Pipe (6) or to Pipe (c). The dimensions of one point, B, and one point, C, are 
shown, and the drawing made by the method described gives, for Bio: 
vio = 0.74, Uepio = 0.82, and vazio = 0.74 + 0.82 = 1.56; and, for 
Cy: Vec9 = 0.84, veco = 0.91, and vaca = 0.84 + 0.91 = 1.75. In constructing 
the diagram it is well to check the results frequently by actually measuring the 
values of v and adding, as in Fig. 13. 

Although the pressures at Points A, B, and C, have been found (Points D, of 
course, lie on the line, A = 1), for the first 20 sec, only curves of pressures at 
Points A and C have been plotted on the separate pressure diagram, Fig. 14 
and it shows that Point A reaches the highest pressure at about 12 sec, and the 
pressure at Point C its maximum value at about 15 sec. 


and for Fig. 13(c): 
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Fig. 14 represents precisely the same piping system as Fig. 13, with the 
valve at Point A closed in the same manner and time as the former case, but the 
connection at Point C has been cut off and Pipe (b) plugged. As this case is 
quite similar to the surge-tank problem, very little explanation will be neces- 
sary. In the diagram for Pipe (6) all points, C, must lie on the vertical line, 
% = 0, and the pressures at Point C, therefore, rise rapidly ; furthermore, the 
velocities at Point B in Fig. 14(b) change only as much as the elasticity of 
the water and pipe walls permit, which naturally is not very much. It is like 
a very small surge tank. In this case, as with the surge tank, va) = 1, v = 0, 
and veo = 1. A comparison with the previous case shows that the pressure 
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rise at Points A and C, plotted on Fig. 14, is considerably more in the latter 
case than in the former, and this agrees with Joukowsky’s statement that dead 
ends aggravate the surge pressures and show the exact amount of such pres- 
sures. Fig. 14 is easy to allow for pressure variations at Point D, provided the 
law of such variation is known, but in that case, of course, the several points, D, 
would not lie on the one horizontal line. Pressures at any intermediate point 
in the system are found as with the uniform pipe. 


Pirzk with Two Brancues Hacw DiscHARGING WATER 


Another interesting case is shown in Fig. 15 in which a pipe, C B, desig- 
nated by (c) issuing from a fixed level reservoir, has two branches: B A, 
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marked (a); and, BD, denoted by (6), and discharge is occurring at both 
Points A and D. Without going into the details of the pipe dimensions, 
values have been selected to give a clear drawing, and is taken at 1.5 sec 
for Branch (a), 1 sec for Branch (6), and 0.5 sec for Line (c), whereas the 
selected values of p are 0.5 for Branch (a), 0.4 for Branch (0), and 0.6 for 
Line (c). It is assumed that the gate at Point A is closed by a known law in 
6 sec, or two intervals for Pipe (a); also that the law of variation between 
pressure and discharge at Point D is known. For example, a turbine may be 
connected to Point D in which the power produced is constant; or some other 
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specified condition may be imposed. In the problem, the law of variation 
has been assumed as represented by the dotted line on the drawing for 
Branch (6). 

This case is dealt with in a manner similar to the others discussed, and 
here, vao = 1, %o0 = 1, and vo = 2. All points, D, fall on the dotted Bie had 
the construction need not be explained. The line through A, locating Porte By 
has a positive tangent with the data used. The pressure variations at Points 
A, B, and D are so large and so erratic that it is evidently impossible to use 
the system in practice. A second case has been developed and illustrated 
in Fig. 16 for the same system and rate and time of closure of A and the 
same control at Point D, but with the addition of a surge tank at J aneon B. 
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This, of course, introduces an extra branch, making four pipes in all, and if 
the surge tank is denoted by (d), then, 


and veo = 2; Yao = 1; ¥ = 1; and, vgo = 0. Using Equation (48) in a method 
exactly similar to the foregoing, the line, through Ao, is found on the penstock 
drawing in such a way as to locate Point B» from Point Ao,s5,.and all points, B, 
on this penstock drawing will lie on lines parallel to Line Ay B:. Point B) is 
then transferred to the drawings for Pipes (0), (c), and (d) by making them 
all represent the same pressure and, therefore, Point B, is given on each 
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diagram. From Point B2, Point Ds is located on Fig. 16(b), Point C25 on 
Fig. 16(c), and Point H»,5 on Fig. 16(d). It is also evident that Point B».; lies 
in each diagram on the same line as Point B2. Furthermore, at any time 
(such as 4.5 sec after closure begins) the value of v, indicated by Point B,.5 on 
Fig. 16(c) is the sum of v, indicated by Point By.5 on Fig. 16(a) plus v», as shown 
at Point By.; on Fig. 16(b) plus vg as given by Point Bs.5 on Fig. 16(d); this is 
easily checked by measurement. 

Fig. 16 affords an interesting illustration of the effect of the surge tank. 


In this case the tank has a very small area, being only i , or four times that 


of Pipe (c), and yet it renders the system of Fig. 15 quite practicable as far as 


160 WATER-HAMMER PRESSURES Papers 


the investigation has gone. With no tank, the pressure at Point B after 5 
sec is 2.2 times the original pressure, whereas with the tank it is only about 
3% above the original level. With no surge tank the fluctuations at Point D 
up to 5 sec vary from 64% to 158% of normal, a condition that would render 
any governing mechanism at Point D useless; on the other hand, the surge 
tank keeps the pressure at Point D within 9% of normal during the first 5 sec. 
At Point A, the variation in the same time with no surge tank is from 837% to 
210% of Ho, whereas the surge tank reduces this variation to 30% of Ho, 
although at 4 sec it was 48%; and, of course, a larger tank will reduce the 
variations still further. 

This is only a further example of how these difficult problems may be 
solved simply and accurately, on the drawing board. Although the proportions 
chosen in the example are most unusual, they serve to make the reduced scale 
drawings clear, and simplify the method of attack. 


PENSTOCK, TURBINE, AND DRrart-TUBE 


A reaction turbine installation, for any but very low heads, consists of a 
penstock, a turbine with a distributor, and a draft-tube. Water hammer will 
be produced for every load change, because each change is accompanied by a 
movement of the distributor gates causing, in turn, an increase or decrease in 
the volume of water per second being delivered to the turbine; so that the 
velocities in the penstock and draft-tube change very frequently. It is quite 
usual to have the gates complete the full opening or closing movement in 2 sec, 
which corresponds roughly to two intervals in which the penstock is about 
1 600 ft long. As a matter of fact, it would correspond to one interval if the 
turbine happened to be operating at half load, which it suddenly rejected. 
Governing of such turbines, therefore, may cause high pressures, and the study 
of this problem will be solved by the graphical method. 

Usually, both penstock and draft-tube have a taper, and the method of 
dealing with compound pipes has already been discussed ; but in order to make 
the diagram simpler, both the penstock and the tube will be assumed to be 
uniform in size, the draft-tube being the larger and also the shorter. (A method 
used by Allievi to avoid working with tapering pipes is to assume an equivalent 
uniform value of V, from L = Vy »Z. a . Dr. O. Schnyder has also proposed 
that an equivalent area may be determined from A L = >> A;1,. In both 
formulas, /,, Az, and Vz refer to the data for the uniform pieces of pipe com- 
posing the entire line.:4 Friction and velocity head are not taken into | 
account. The turbine distributor gates serve to cause the varying velocities 
according to the load demand. In the problem assumed herewith, the dimen- 
sions have had to be distorted for clarity, but the diagram to suit any case is 
easily constructed. 

The system is shown on Fig. 17 in which the head, Hy = 450 ft; Penstock 
(b) is joined to the forebay at Point C and to the turbine at Point B”; and 
Draft-Tube (a) carries the water from Turbine B’ to the tail-water at Point 4; 
the two points, B’ and B’, are assumed close enough together so that the 


Values ot A&A 
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volume of water between them has no effect on the water-hammer pressures 
Without more definite data the value of Vw is taken as 3 220 ft per sec in both 
Draft-Tube (a) and Penstock (6); the steady velocity, Vo, in the penstock is 
4.5 ft per sec; and that in the draft-tube is 3.4 ft per sec. These data give 
Pa = 0.375 and pz = 0.5, and if the penstock length is 1 290 ft the value of 


Ly 
ae 0.4 sec. Furthermore, for the purpose of clarity Laie 0.2 sec 


Vwa 
(a length of draft-tube which could not be tolerated in practice). 
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From tests on a large turbine, the curve plotted in Fig. 17, showing the 
relation between gate position and discharge at normal constant head, has 
been obtained and there can be little error in assuming that the gate position 
is a linear function of the time, which has been done in this case; the curve 
of discharge on a gate-position base, therefore, is also taken to be a curve of 
discharge on a time base. It is further assumed that closure is effected in 


3.2 sec, or in 4 (G2) ss, which is certainly not unduly short. The time 
wb 


interval in this case must be 0.4 sec, corresponding to the draft-tube value, 


Wore 
Fig. 17 shows the axes of h and v with the point, h = 1, v = 1, marked 
Bo Ao.2 Co.4, Since in this case the controlling mechanism is at Point B. Only 


4q 
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a few of the equations to be applied will be written (see Equations (26)): 


heo.4 i hpo.s = —2 Pb (v0.4 = VB'0.8) apical sl Si"s! qk sameie (49a) 

hprro.s — hei. = + 2 Pb (vB10.8 = 001.2) Sool is ba wy wa ee Re (49D) 
and, 

hero. = heo.s = + 2 Pb (VBI0.4 — VC0.8) cin. "st-3, api eon eee (49c) 


Furthermore, from the corresponding formulas for the pump series: 


hao.2o — Apro.a = + 2 Pa (VA0.20 — 05154) ch ee ee (50a) 


and, 
hpro.a Tay hao.s = —2 Pa (VB‘0.4 = VAo.6) shel caeistte te a tet eae (500) 


etc., so that the lines on which Points B’o.4 and B’’y.4 lie are readily found, 
but their position is not determined. The discharge curve for the turbine, 


however, shows that at 0.4 sec = Z , the proportional discharge at the head, 
wb 


H,, is 0.93, and experience with the action of turbines proves that the flow 
at a given gate-setting varies with V Hg — Hz; that is, with Vhgy — hp. 
A parabola, therefore, is drawn in Fig. 17 with the value, 7 = 0.93, and the 
problem then is to locate B’o.4 and B’’y.4 on the same vertical line (since the 
value of v is the same at both points at this instant), and having a vertical 
spacing equal to the height of the parabola, above the axis of v at this same 
velocity. The reason for this is that hgo.4 — heo.4 will be the same as the 
pressure rise to which this velocity corresponds. Schnyder has devised a 
simple graphical solution to a similar problem by drawing through Point By 
the dotted line such that its tangent is 2 (pa + p») = 1.75, and where it 
intersects the parabola, 7 = 0.93 is directly above Point B’o.4 and Point B’’.«. 
In this manner, these two points are determined and Point Ao., and Point Co.s 
are found without difficulty (accidentally, they nearly coincide in Fig. 17) since 
all points, A and C, lie on the line, A = 1, if the forebay and tail-water levels 
do not vary. 

The construction for the points, B’y.s and B’’y.s, is arrived at precisely as 
before by the aid of the parabola, 7 = 0.85, corresponding to the time, ie ; 
the Schnyder construction being shown by short dots. 

Although no definite conclusion can be drawn from the numerical results 
obtained in this problem (because of the distortion of the dimensions), some 
comment on the results will be of value. Taking as an example the condition 
at the turbine 2 sec after closure begins, the values are hg. = 1.165 and 
her, = 0.93, which mean that the pressure at the lower end of the penstock 
has risen 0.165 Ho, or 74 ft above normal, whereas at the top of the draft-tube 
it has fallen (1 — 0.93) = 0.07 X Ho, or 31.5 ft below normal. Of course, 
with ordinary plants, the column in the draft-tube would separate with a 
slightly greater pressure drop than this shows, and the condition in the tube 
could then be investigated as in one of the problems solved in this paper. 


| 


\ 
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Breacu oF WATER CoLtumn Dur to Low Pressure 


A case that has recently come to the writer’s attention is illustrated on 
Figs. 18 and 19, in which a pump discharges through a long pipe line laid 
with the profile shown. The first part of the pipe slopes somewhat steeply 
from Valve A at the pump to a point, B, whereas the latter part has a more 
gentle slope up to the reservoir. The characteristic curve for the pump at 
its normal speed of n = 750 rpm is shown, and the efficiency curve for the 
machine is also known, as well as the W R?-value of the rotating parts (W = the 
equivalent weight of the rotating parts and R = its radius). The pump is 
assumed to be delivering 30 000 000 U. S. gal per day in a pipe in which it 
produces a velocity of 4 ft per sec. Friction is not considered. 

Suppose, now, that the power is suddenly cut off; then the pump begins 
to slow down, its deceleration depending on the value of W R? for the rotating 
parts and on its output; and 6n, the decrease in speed, in revolutions per 
minute in the time, 67’, is given by the easily derived formula, 


Oui oF 


Act ene 


in which feet and pounds are the units, and ¢ is the efficiency of the pump. 

The method of plotting the characteristic of a pump at any speed, from 
the curve obtained at some other speed, is well known and need not be ex- 
plained, and, therefore, the speed corresponding to the characteristic curve 
passing through any point is readily found. The speed of the pump at any 
time after disconnecting the power supply can be computed by Equation (51). 

The slowing down of the pump causes the pressure to decrease all along 
the line, and at Point A its value is fixed by the characteristic curve at the 
reduced pump speed. At very slow speeds, the pressure at Point A is nearly 
atmospheric unless the pump reverses; the valve at A is assumed to close at 
the instant the flow reverses. At Point B the low pressure at Point A may 
produce a pressure much less than the atmosphere, but in this problem a 
vacuum valve is installed at Point B in such a manner as to prevent the 
pressure from falling to that extent; that is, the hydraulic gradient at Point B 
cannot fall below 160 ft above the pump. 

Referring to Fig. 18, which has axes of H and JV, the starting point is 
Ay B, Cs, as marked, and according to Equations (24) the water-hammer line 


; y NS 
will be drawn through this point, and with a slope, + ae The pump char- 


acteristics passing through the point where the water-hammer line intersects 
the pressure, H = 160 ft, corresponds to a speed of 590 rpm and Equation (51) 
shows that if average values of Q, H, and e, for the period are used, this speed 
will be reached 0.60 sec after the power is cut off; therefore, Point Ao.60, which 
is also Point Bi.90, is located. In 1.60 sec air begins to enter at Point B and 
the column parts at that point. 

The admission of air and its subsequent release at Point B maintains 
atmospheric pressure there until the columns re-unite; the original column 


13 ‘Water Hammer in Pipes, Including Those Supplied by Centrifugal Pumps,” by R. W. Angus, 
Proceedings, Inst. Mech. Engrs., 1937. 


164 WATER-HAMMER PRESSURES Papers 


L 
separates into the two parts, Line A B’ and Line B’”’ C, the values of Vo for 


which are, respectively, 1 sec and 5 sec, and it follows, therefore, that ro 
Bi.¢60 also represents the conditions of the upper column for 5 sec after the 
point, Cs; that is, the velocity at B’”’ of the upper column remains constant 
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from 1.6 sec to 11 sec at Vzi.s. This is readily seen by applying Equations 
(24) to this case, which give Hes — Hagin = Vg (Vee — Varn), so that 
Point B’’11 lies on Line Cs Ao.¢, and as its pressure is atmospheric, it is fixed 
at B’;.6 = B’,.¢. The construction already adopted enables one to find 


Points C'.s—16, B’’11.6—21, etc., and these points are marked on Fig. 18; the 
location of Points B,’, B;’, etc., give no trouble. 
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If the valve at Point A is closed in slightly less than 5 sec, the flow through 
the pump will not reverse and all subsequent values of Point A will lie on the 
axis of H. On Fig. 19, the velocities at Point B (that is, for Point B’ and 
Point B’’) are plotted against time, and it is evident that the hatched area, 
M, representing an integral of a velocity time diagram gives the linear distance 
between Point B’ and Point B” at any instant; the columns reach a maximum 
separation at the time, 21.6 sec, where the two curves cross. After that they 
approach one another and finally come together again at the time where 
Area N = Area M, which in this case is at 43 sec. At the time of re-uniting, 
the velocity of the upper column is 4.4 ft per sec toward the pump, and that 
of the lower column is about 0.9 ft per sec in the opposite direction, so that 
the pressure rise will be caused by the sum of these two velocities, and may be 
determined as shown. It is assumed that the air admitted to the pipe is 
released before the columns meet again. 


Short Column 
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Evidently, the study may be made with equal ease for any other time of 
closure of the valve at Point A, or for any control desired at Point B. The 
only error arises from the fact that the values of = are assumed to remain 
constant during the study, whereas the columns actually decrease in length 
after separation; but in most cases this change produces a very small effect. 
In this particular problem the maximum distance between the columns is 
approximately 37 ft. 

The odd form of the velocity curve for Point B’ is interesting but, of 
course, the average velocity there could be taken as zero after closure, without 
affecting the answer. The pressure rise at Point A would be very high and 
that at Point Bu, is easily scaled. 

In computing values of 6n the time intervals must be taken very short 
and Fig. 19 shows only a few of the points used in the calculation, as the 
complete set of lines would complicate a small scale drawing. 
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Errect oF FrRIcTION AND VELOcITY HEAD 


The equations necessary to allow for friction and velocity head have been 
-already given and, although the results obtained from them are not exact, 
they enable closely approximate answers to be obtained in the few cases where 
these factors are important. In general, it may be said that the friction 
decreases the bad effects due to water hammer, and computations made by 
neglecting it are usually on the safe side. In dealing with the problem, it has 
been frequently assumed that friction loss varies directly with the square of the 
velocity and, although the calculation may readily be made without this 
modification, the work is somewhat simplified by it. With this assumption the 
two quantities, velocity head and friction loss, may be combined into a single 
term, thus: 


2 a V2 LAVe 1 hang, 
1 == ae eet 2 a Plies Saag! 2 
Velocity head + friction loss ig) thiae V (sp) +e pr b 2) 


in which the coefficient, b, varies slightly, as f is the only variable in it. To 
apply this to the h, v-diagram, it must be divided by H and is then written: 


BV? bBVe(/V\2_ bVe? 
He = (4, ) = a eee risech 3 Jingeesye cel hey 


which gives the proportional effect on A for each value of v. Thus far, the only 
known method of allowing for friction loss has been to assume that the total 
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loss is concentrated at certain points along the pipe. In Fig. 20, for example 
it has been assumed to be concentrated at two points, B and C ; that is, if ths 
friction loss at Velocity V is 12 ft, it is assumed that in each of the obsteuhaes 


| 
. 
t 


™ 


ener Hite ster hentime: 


January, 1938 WATER-HAMMER PRESSURES 167 


at Point B and Point C, the loss of head is 6 ft and there is no loss in Pipes 
A B, B’ C, and C’ D, each having a length of - ft. 

With this assumption, each of the parts may be dealt with exactly as in the 
earlier discussion, but, at any given velocity, Points B and B’ must be separated 


: Vo 
vertically by 6 Ti, v?, and they must be at the same velocity at the same instant. 


é L ; 
In Fig. 20 the values Ws for each section are the same and are taken as 1 sec 


: ; L 
(for the entire pipe, wanes 3 sec ) ; p = 0.5; and closure is effected in 10 see, 


w 


4 2L 
or five intervals of v7, see for the part, A B. The construction is shown well 
‘enough to need little explanation; the curve through v = 0, h = 1, and Ao is 


2 42 
separated from the axis of v by . ; and the dotted line, which represents 
0 


the loss at each obstruction, is half-way between the axis of v and the curve. 
Each pair of points, B B’, C C’, is separated vertically by the distance from the 
axis of v to the dotted curve corresponding to the velocity, v. 


CONCLUSION 


The variety of the illustrations shows that the method is not only quick, 
but is easily applied to problems met in practice. Knowing the starting point 
on the diagram and the law of operation of the valve or other device causing 
the pressure disturbance, one can solve the problems easily. A variable reser- 
voir level introduces no trouble and merely means that such points as D 
(Fig. 11) no longer lie on the line h = 1 or Ho, but at distances above and below 
this line, corresponding to the variation from the original level. When the 
friction head is large compared with Hy it is best to use axes of H and V rather 
than h and v, and to choose scales that make distinct intersections of the lines; 
but a little practice gives one much guidance in the plotting. 

The method avoids the tedious tracing of the various pressure waves, and 
the complicated study of various reflection factors, as these have all been 
included automatically in the construction. Such experimental studies as 
have been made available, check the accuracy of the construction, but it is 
hoped that many more experiments will be conducted by those who are able to 
do so, and that the results of these will be available for comparison. The 
writer expresses his obligation to Dr. Schnyder,'t and Professor Bergeron,” 
for their papers on this work and for the illustrations they have given. He is 
also indebted to many other authors and to the excellent paper on “High Head 
Penstock Design,” by Messrs. A. W. K. Billings, O. H. Dodkin, F. Knapp, and 
Adolpho Santos, presented on June 30, 1933, under the joint auspices of the 
Hydraulic Division, A. 8. M. E., and the Power Division, Am. Soc. C, E.™ 


14 Not published. 
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APPENDIX 


NorTaTION 


The following symbols, as defined in the paper where they first appear, 
conform essentially with “Symbols for Hydraulics” compiled by a committee 
of the American Standards Association, with Society representation, and 
approved by the Association in 1929: 


A = area of a pipe, a subscript designating the pipe referred to; Ag = area 
of a gate-opening; As = a point on the diagram representing 
both the pressure and velocity at Point A on the pipe at 4.5 sec 
after water hammer begins; 

Ca Ag v2 g 
b= ae as 
value of B for the initial, steady flow condition; 

b = a coefficient (see Equation (52)) ; 

ca = coefficient of discharge; 

D = inside diameter of pipe; 

E 

e 


and is a function of effective gate area = cg Ag; By = the 


= Young’s modulus for the material in the pipe; 
= efficiency of pump; 


zy 
ll 


short form for F ( T-— a ) , is the magnitude of a direct wave at 


time, 7’, and at x ft from gate; F, = magnitude of a wave in its 
nth movement; Ff; = magnitude of a wave.at the end of the first 
movement; 


f = short form for f ( T+ 7) is the magnitude of a reflected wave 


at time, 7, and at x ft from the gate; 

acceleration due to gravity; 

general term for pressure head at a given time and place on the pipe; 
Hp) = initial pressure head at the gate under steady flow con- 
ditions; Hgr2, etc. = head at Point B on the pipe (Fig. 8) at the 
time, 7’, sec after gate movement begins; H4 = head at Point A, 
usually at the point of disturbance; 

pressure head change; 6h = small pressure head change; also, 


ll 


ea 
ll 


> 
ll 


Hpre 


hpr: etc. = ratio Ts etc.; h, = friction loss in feet; 
0 


K = bulk modulus of elasticity of the liquid; 
L = length of pipe, or the distance traveled by a wave; 
1 = short length of uniform diameter in a tapering pipe; 
m = mass of the water changed in velocity; 
n = speed of the rotating part of a centrifugal pump and motor, in 
revolutions per minute; dn = a decrease in speed; 
p = pressure intensity at any point in a pipe line, due to water; 
Q = discharge; Qo = a uniform steady discharge; 


eee 


1b A. S. A.—Z10b—1929. 
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R 


it 


effective radius of the rotating parts of a centrifugal pump and 
motor; 

time; 67 = short interval of time; also, 67’ = time required for a 
decrease in speed of 6n; 

thickness of a pipe; 

average velocity; Vo = steady, uniform velocity; V. = velocity of 
pressure wave; OV = velocity extinguished; V; = velocity reached 
at the end of the first interval; V2 = velocity reached at the end 
of the second interval; Vgr2 = velocity at the Point B on the pipe 
at the time, 7s, after disturbance begins; V4 = velocity at 
Point A; vgr2 = a ratio, Vere etc. ; 

V Bo 

equivalent weight of the rotating parts of a centrifugal pump and 
motor; 

weight of 1 cu ft of water; 

variable distance along a pipe measured from the gate; 

piezometer pressure reading at Point x during water hammer; 
Yo = piezometer pressure reading at Point x under steady flow 
conditions; 

height of any point, z, above the gate; 

slope angle of a pipe; 

a Vao ‘ 

2 g Hy ? 


a function of time (see Equation (306)) = = 


pipe line characteristic = 
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Dr SOs S CONS 


ANALYSIS OF STRESSES 
IN SUBAQUEOUS TUNNEL TUBES 


Discussion 


By A. A. EREMIN, Assoc. M. AM. Soc. C. E. 


A. A. Eremin,® Assoc. M. Am. Soc. C. E. (by letter).8“—The favor- 
able response to the method of analysis presented in this paper is 
gratifying. The discussion contains much valuable information and con- 
structive criticism. 


ie y Water Surface 


3318 Lb per Sq Ft, Horizontal 
Pressure at Top 


a 


6231 L t, Hori 
: Se Distorted Position Manes Meee 


Pressure at Bottom 
Original Position 

3816 Lb per Sq Ft, Vertical Pressure 
at Bottom 


Fic. 7—DIAGRAM OF HORIZONTAL Fie. 8.—TypicaL TUBE LOADING 
DISTORTION 


Equations (28) to (30) for horizontal displacement at Point x, y (Fig. 6), 
as presented by Mr. Peery, are correct. However, the computations of 
the horizontal displacements of the tube may be greatly simplified. For 
convenience of reference the left half of the tube, with Point P defined by 


Nortrn.—The paper by A. A. Eremin, Assoc. M. Am. Soc. C. E., was published in 
December, 1936, Proceedings. Discussion on this paper has appeared in Proceedings, as 
follows: April, 1937, by David J. Peery, Jun. Am. Soc. Cc. E.; and November, 1937, by 
Orrin L. Brodie, M. Am. Soe. C. E. 

8 Assoc. Bridge Designing Engr., Div. of Highways, State Dept. of Public Works, 
Sacramento, Calif. 

8a Received by the Secretary December 13, 1937. 
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the co-ordinates, z; and y,, is shown in Fig. 7. The elastic center of the 
tube and the origin of the co-ordinates, x and y, are at the center. The 
vertical distance of the point, P, to the horizontal diameter of the tube, 1, 
expressed as a proportion of the radius, is: 


Therefore, the vertical distance from some point, x, y, on the shell to Point 
Hig sed, JS 

Yv— Ya (Fe C08: 8) ra os sehen ys shee ee (34) 
and the horizontal displacement at Point P on the left half of the tube fixed 
at the invert, Fig. 7, is, 


dou =r f Me cos 6) dw+ fH cost d+ | ¥ sin 6 cos 8 do 


— Hot? [ (= 008) cos 0dw-+ { cost 0 do] — Mor (bcos 0) dw. (35) 


For practical purposes in computing horizontal displacements the influence 
_of direct and shear stresses may be neglected without serious error. There- 
fore, Equation (35) may be written, 


ow = 1 [AL (b= 005 8) dw— Har [ (k= c08 0) cos 6 dw 


— Mor J @ = 005.6) dw Boece AH. Nh ae ee (36) 


Horizontal displacements can be computed more quickly by Equation 
(36) than by Equation (29). Furthermore Equation (36) involves integral 
terms similar to those in formulas for computing the redundant forces at 
the elastic center of a tunnel tube. The horizontal displacement of the left 
half of a tube, loaded with a force equal to unity (X; = 1) and acting along 
the upper tie-rod (see Fig. 7), or with any other loading, may be determined 
by Equation (36). The bending moment at any point, zx, y, on the left half 
of a tube loaded with a force, Xi = 1 (Fig. 7), is, 


M =.r (lb —'C08'0)..% alan oc ele oe (37) 


In computing the horizontal displacement of the tube at Point P by Equa- 
tion (36), each term containing an integral may be computed separately. 
Substituting the bending moment from Equation (37) in Equation (36), 
the first term in the latter is, 


9p 
B,= ef (k'=*cos 0)" die Sata ee, ee (38) 


Integrating and simplifying, 


B,= Fy | b+ 5-H, + 2hsin 6, — 50 + sin 8p 008 85) |. (89) 
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Integrating and simplifying the second term of Equation (36), Bs is: 


9p 
B,= Hy r (k — cos 0) cos 0 dw 


wT 


Hy r : 1 . 
ei | = FH bain -+3@ + sin 6, cos 6) | vent eee (40) 


Integrating and simplifying the third term of Equation (36), Bs is: 


Mr 
EI 


Op 
Bs= Mor [ (k — cos 0) dw = (ea —'k 0, -+'sin 0,). «-. (41) 
Therefore, the horizontal displacement at Point P, Fig. 7, as computed by 
Equations (36) to (41) is, 


Information concerning mud pressures on subaqueous tunnels, as given 
by Mr. Brodie, is most interesting. It is true, as Mr. Brodie states, that 
the method of considering the distribution of external pressures in sub- 
aqueous tunnels “forms the other half of the picture.” 

In Example 1, Fig. 5, the loadings are assumed. It may be interesting 
to compare them with the specified external loading used in the design of 
the Posey Tunnel. Water pressure on that structure was considered as 
acting (independent of earth pressure) radially over the entire circumference. 
The vertical pressure on the top was considered equal to the total weight 
of water, at 64 lb per cu ft, plus the weight of the submerged earth at 62 lb 
per cu ft. The intensity of the lateral pressure at any section was assumed 
equal to total vertical pressure, excluding water pressure, multiplied by 
33%, plus the intensity of water pressure. This also agrees with lateral 
pressure computed with Rankine’s formula for wet sand with an angle of 
repose of 30° recommended by the late Milo 8. Ketchum, Hon. M. Am. 
soc. C. E.? 

Assume the tunnel in Example 1 to be placed 48 ft below the water sur- 
face, as shown in Fig. 8. The top of the earth fill is 12 ft above the top of 
the tunnel. Therefore, the vertical pressure on top of the tube is 64 X 48 
2a 62 X 12 = 3816 lb per sq ft. The side pressure at the top of the tube 
is 64 X 48+ 62 X 12 X 0.33 = 3318 lb per sq ft. The side pressure at 
the bottom is 64 X 82.5-+ 62 X 46.5 X 0.33 = 6 231 Ib per sq ft. 

Assuming the weight of tube to be equal to the buoyant force of the 
submerged tube, the vertical pressure at the invert will be the same as that 
at the top. If the tube is filled with water, and if the earth fill is placed di- 
rectly on top of the tube, the vertical pressure on the invert will be greater 
than that on top by an amount equal to the weight of the submerged tube. 
To simplify computations in Example 1 the loading on the tube was as shown 
in Fig. 5. Evidently, this loading gives greater stress in the tie-rods than 
that in Fig. 8. The exact loading on subaqueous tunnels varies with the 


ON Se ee ee ee nee eee ee 
9“ The Design of Walls, Bins, and Grain BHlevators,’ by Milo S. Ketchum, Third 
Edition, p. 73. 
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method of construction, the supporting foundation beneath the finished 
tunnel tube in place, the variation of the water level, and the plastic flow 
in the earth and the mud fill on top of the tube. Interesting effects of the 
plastic flow of mud on the external pressures and deformations of the Hudson 
and Manhattan Railroad tubes were observed during the construction of 
the cast-steel rings. Perfectly circular steel rings, when shoved forward 
under pressure by means of jacks, were changed in form by the lengthen- 
ing of their vertical diameters and the shortening of their horizontal diameters. 
After the plastic flow of mud had occurred the shape was reversed; the 
vertical diameter decreased, and the horizontal diameter increased. By 
tightening the steel tie-rods the tube rings may be returned to their original 
form. Equation (31) gives the value of the maximum bending moment in 
the circular tunnel tube without tie-rods. This bending moment may occur 
at the crown, at the invert, or at the haunch section as stated by Mr. Brodie. 
It is to be regretted that Mr. Brodie did not give sufficient information to 
permit one to check Equation (31). The need for a more determinate method 
of computing bending moments at desired sections is self-evident. The 
redundant force, Ho, and the bending moment, Mo, at the elastic center of 
the tunnel tube without tie-rods may be computed by Equations (25) and 
(26), respectively. The bending moment, M,, at any point on the tube 
without tie-rods, by Equation (16), is: 


Mes Me Ap oe a ee 


The maximum bending moment may be determined algebraically by 
Equation (43), with the external loading expressed by a continuous function 
or by plotting a force polygon. In practice, however, with a few trial com- 
putations, the maximum bending moment in a tube may be determined 
without much effort. 

A method of computing stresses in subaqueous tunnel tubes without tie- 
rods,!° has redently been advanced by M. Alfano, who assumes the origin 
of the co-ordinates at the invert instead of that at the center of the tube. 
However, he failed to show any- advantages in computing stresses with the 
origin of co-ordinates selected in this manner. 

In conclusion, the writer wishes to express his appreciation to those who 
contributed to the discussion and thus increased the value of his paper. 


1 Annales des Ponts et Chaussees, February, 1937, p. 197. 
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ECONOMICS OF HIGHWAY-BRIDGE FLOORINGS 
OF VARIOUS UNIT WEIGHTS 


Discussion 
Dy J, Ae Le WADDELL, LION, M, Am. SOc, C, Ei 


J. A. L. Wappe.u,” Hon, M. Am. Soc. C. E. (by letter) .!2*—The discussion 
of this paper, although not as extensive as the writer had hoped, has served 
to emphasize several important features. The points raised by Messrs. Jones, . 
Tammen, and Franklin are of especial interest. 

Messrs. Tammen and Fowler have asked for a separation of the substructure 
and superstructure costs used in preparing the curves of Figs. 1 to 8. On the 
average, the substructure for the open-grate flooring was found to cost about 
$14 per lin ft of bridge less than that for the “standard”’ flooring for a roadway 
width of 45 ft, and about $7 less for a 20-ft roadway. Cost differences for 
intermediate types can be interpolated with sufficient accuracy. For the 
case mentioned in the second paragraph of Mr. Jones’ discussion, the sub- 
structure differential should be subtracted from the difference found from the 
curves of Fig. 1 or Fig. 5. 

Mr. Jones emphasizes the value of “the method of approach and analysis”’ 
which the paper sets forth, but questions whether the findings are sufficiently 
general for the curves to be used in actual comparisons of cost. He states: 
“From such considerations comes the writer’s feeling that, although the method 
herein given is invaluable, the most exact data should be applied to each 
particular case, and the author’s data should be considered as illustrative.” 

In making his criticism, Mr. Jones has apparently overlooked the fact that 
Figs. 1 to 8 give merely the combined costs of substructure and superstructure 
to carry floorings of various weights, and that the costs of the floorings them- 
selves are to be determined and added separately. Tables 1 and 2 give data 
regarding the costs of various floorings that are fairly representative of present- 
day light-weight floors; but it is assumed that an engineer, in dealing with a 


Norr.—The paper by J. A. L. Waddell, Hon. M. Am. Soe. C. H., was published in 
February, 1937, Proceedings. Discussion on this paper has appeared in Proceedings as 
follows: April, 1937, by Jonathan Jones, M. Am. Soc. C. E.; June, 1937, by Messrs. Henry 
C. Tammen, Miller McClintock, Joseph G. Shryock, and C. Calor Mota; and October, 1937, 
by Messrs. W. G. Fowler, and Philip A. Franklin. 

122Cons. Engr., New York, N. Y. 

12a Received by the Secretary December 8, 1937. 
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specific problem, will determine the weights and costs of the actual floorings 
he is comparing, and will use his results rather than those of Tables 1 and 2. 
Ample provision is made, therefore, for variation in flooring costs and for the 
future development of new types. 

Table 3 of Mr. Jones’ discussion, showing the effect of a variation in floor 
costs, is correct; but this is no argument against the accuracy of the results 
found from Figs. 1 to 8, for the reasons just stated. 

Messrs. Jones, Tammen, and Fowler have referred to factors affecting the 
accuracy of the diagrams themselves, such as variations in prices and in the 
substructure. They have, however, over-estimated the relative importance of 
such variations. Suppose, for instance, a silicon-steel highway bridge of 
400-ft simple spans, carrying a 45-ft roadway, is being considered, and that 
comparison is to be made for the “‘standard’’ flooring, a 60-lb flooring, and an - 
open-grate floor. From Fig. 2 and Table 2, the values.in Table 4 are obtained, 
the separate items for substructure and superstructure being taken from the 
computations on which the diagrams were based. 


TABLE 4.—ComPpaRISON OF Costs 


Type oF FLOORING 


No. Description Standard Sixty pound Open grate 

(1) (2) (3) (4) 

i Superstructure $311.40 $282.30 $263.00 

2 Substructure 111.00 103.50 97.30 

3 Cost, without deck $422.40 $385.80 $360.30 

4 Cost of deck 39.60 67.80 88.60 

5 Total $462.00 $453.60 $448.90 

6 Excess cost over open-grate type +$13.10 +$4.70 0 


If a 10% change in superstructure unit prices is assumed, the differential 
between the “standard’”’ and open-grate floors would be changed by $4.84, 
and that between the 60-lb and open-grate floors by $1.93. A considerable 
change in the substructure conditions would mean merely a change in the 
differential between the ‘“‘standard” floor and the open-grate flooring ($13.10), 
or in the differential between the 60-lb floor and the open-grate floor ($6.20). 
In most instances, such changes in costs would not be great enough to upset the 
relative economics of the floors being considered; and where the relative stand- 
ings were affected, it would merely be because the costs for the types being 
compared were so nearly alike that it would make little difference, as far as 
cost is concerned, which type was used.» In the case under consideration, a 
difference of $5 per ft would mean only a 1% variation, and even $10 per ft 
would amount to only 2 per cent. Such differences are well within the ordi- 
nary errors of estimating. Furthermore, changes in the general price level 
can be allowed for by multiplying the results taken from the diagrams by a 
correction factor, and a major difference in substructure conditions can be 
allowed for by increasing or reducing the substructure differentials given in 
the second paragraph of this closure. 
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Since this paper was published the writer has had occasion to prepare 
several estimates affording an opportunity for a check on the curves in Figs. 
1 to 8, and has found them absolutely reliable? A further study, made in 
connection with the preparation of this closure, shows that a considerable 
variation in pier heights makes no appreciable difference in the relative costs 
of different types of floors. 

Mr. Jones is correct in calling attention to the fact that lightening the 
floor of a suspension bridge will require an increase in the weight of the stiffen- 
ing trusses. In most cases, however, this means simply a reduction in the 
saving to be realized by the use of a lighter floor. For a comparatively short 
span, where the saving in other parts of the bridge is not large, the increase in 
the stiffening trusses will be small; and, for a long span, on the other hand, 
where the increase in stiffening truss weight will be considerable, the saving in 
other parts—floor-system, suspenders, cables, towers, and anchorages—will 
also be large. 

Referring to cantilever spans, there would be no objection to using a heavy 
floor on the anchor spans of a three-span Type A cantilever, and a light floor 
on the central span. For a Type C cantilever or a long bridge consisting of an 
alternation of anchor and cantilever spans, it would be unsatisfactory, from the 
standpoint of both appearance and traffic, to use one type on the anchor spans 
and another on the cantilever spans. 

Mr. Tammen mentions the fact that different engineers will reach different 
results for the same flooring, due to variations in design procedure, details, 
minimum thickness of metal, and allowances for maintenance and amortiza- 
tion. Such considerations do not affect the usefulness of the paper in any way, 
because it is assumed that each engineer will determine for himself the total 
costs and allowable span lengths of the floorings he is comparing. Allowances 
for maintenance and amortization are difficult to determine, since relative 
costs and life for light-weight floors and older types of heavy floors are not 
yet known. 

Mr. Tammen criticizes the use of thinner metal in the flooring rather than 
in other parts of the superstructure—and possibly his comment is truly sound; 
but it must not be forgotten that, if the light-weight flooring should either rust 
out or wear out, it could easily be repaired or replaced, whereas thin metal in the 
superstructure proper could not. It is either the manufacturers or the paten- 
tees of such floors who have determined the thickness of their products; and 
if these sections are computed properly for strength, experience will ultimately 
tell whether the use of the thin sections is truly economical. 

Mr. Tammen’s data relative to the savings resulting from the use of light- 
weight floors on movable spans are interesting and valuable, and the writer 
endorses them heartily. 

It is difficult to agree with Mr. Shryock’s conclusion that floor weights can 
be reduced to 50% of the weight of the standard type “without undue sacrifice 
of stiffness and rigidity,” but that a reduction to 25% ‘‘could scarcely be 


i i i i 2% if: M. Am. 
13 Onick Hstimating of Hconomic-Bridge Costs,” by J. A. L. W addell, Hon. M. 
Soe. C. Bo and Shortridge Hardesty, M. Am. Soe. C. B., N. Y., John Wiley & Sons. (Pub- 


lication pending.) 
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secured without a sacrifice of these important requirements,’’ because both 
the percentages quoted are purely arbitrary. The 540-ft spans of the Marine 
Parkway Bridge over Rockaway Inlet in New York City, which are paved 
with open-grating, are perfectly stiff and rigid under traffic. It should also 
be noted, as stated by Mr. Franklin, that an open-grate floor, when properly 
detailed and thoroughly connected to the supporting steelwork, forms an 
effective horizontal girder. 

To Mr. McClintock and Professor C. Calor Mota, the writer desires to 
express his deep appreciation of their hearty endorsements of his technical 
efforts. Mr. Fowler should not forget that the sole object of the paper is to 
compare the economics of different types of flooring and not to provide the 
data for making cost estimates of bridges. 

Mr. Franklin’s discussion is most important. The writer endorses un- 
equivocally all the points he raises, and specially commends the division of 
the conditions into ‘‘tangibles and intangibles”; moreover he concedes that the 
latter are, and should be universally considered by far the more important. 
In selecting the type of flooring for a highway bridge, the prime requisite 
certainly is safety; and economy in first cost should always be a subordinate 
consideration. Safety from accidents through skidding should always be a 
primary consideration, because human life and human welfare are endangered 
by such accidents. 

Mr. Franklin has prepared his discussion very skilfully, in that he has 
handled the subject of ‘intangibles’? without any reference to patented floor- 
ings or special interests. Nevertheless, he states: 


««e * * The consideration of this larger problem of the ‘Ultimate Economics 
of Highway-Bridge Floors’ is quite worthy of the efforts of the profession. It 
should not be hampered by the limitations of mathematics in the discussion, 
but the merits and shortcomings of all the various types of floors in common 
use should be reviewed; the factors which lead to desirable features, as well 
as those which produce undesirable results, should be listed; and conclusions 
should be drawn concerning the attributes of the perfect floor.” 


Such a general open discussion would be of truly great value. 

The objection to open-grid floors that they “require a secondary system 
of supports and complicate the original detailing and shopwork” is an economic 
one, and, therefore, pertains to the “tangible” group of factors; consequently, 
it is taken care of by the cost-curves and tables of the paper. From the 
standpoint of safety, the principal advantage of the open floor is its elimination 
of lateral skidding, even during times of snow and sleet. 

The Marine Parkway Bridge, previously mentioned, will provide an excel- 
lent measure of the safety, the durability, and the cost of maintenance for 
open flooring, as compared with the “‘standard”’ solid flooring; because, on 
the three long main spans, open-grate flooring is used, whereas all the approach 
spans have concrete flooring. Experience during one winter may settle the 
question of the comparative safety of the two types, but years will be required 
in order to determine the comparative maintenance costs. 

In the writer’s opinion, the open flooring has come to stay, and is destined 
to be one of the standard highway-bridge floors of the future. 
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In closing this paper, the writer desires again to thank all the engineers 
who have so kindly discussed it, especially Mr. Jones.and Mr. Tammen, 
whose skepticism concerning accuracy of results has enabled him to show that 
such skepticism is unfounded, and Mr. Franklin who indicated the existence 


of “intangible” as well as economic factors in the comparison of bridge 
floorings. 
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NATIONAL ASPECTS OF FLOOD CONTROL 
A SYMPOSIUM 


Discussion 
By RALPH W. POWELL, M. Am. Soc. C. E. 


Rate W. Powetu,7° M. Am. Soo. OC. E. (by letter).7°*—It is scarcely 
possible to exaggerate the value of this Symposium. Between the time the 
papers were presented orally (October, 1936) and their appearance in Pro- 
ceedings (March, 1937) another flood occurred on the Lower Ohio River, 
in most respects more serious than any described in the Symposium. There- 
fore, some of the statements in the Symposium were already “out of date” 
when printed, but the importance of the subject was still further empha- 
sized. The fact that it is now a national problem is- clear from the word- 
ing of the Flood Control Act of 1936. 

With the exception of those few non-navigable streams that discharge 
directly into the ocean or into the Great Lakes, the control of floods on 
any stream in the United States is now “a proper activity of the Federal 
Government in co-operation with States, their political subdivisions, and 
localities thereof.” 

One minor correction might be offered to Mr. Jacobs’ valuable paper. 
Under the heading, “Engineering Aspects,” he states that three of the 
Muskingum reservoirs are automatic retention basins. Probably the three 
reservoirs meant are the Mohawk, Mohicanville, and Bolivar. These are 
“dry reservoirs,” but the outlets are gate-controlled. Of course, with the 
gates open, the reservoirs would still give a certain volume of automatic 
storage just as they did in the January, 1937, flood when the gates were 
kept open due to legal reasons; but, normally, the gates will be closed as 


Notr.—This Symposium was presented at the Fall Meeting of the Society and at the 
meeting of the Waterways Division, Pittsburgh, Pa., October 13 and 14, 1936, and pub- 
lished in March, 1937, Proceedings. Discussion on this Symposium has appeared in Pro- 
ceedings, as follows: June, 1937, by Messrs. F. C. Scobey, Howard T. Critchlow, T. T. 
Knappen, M. C. Tyler, Gordon R. Williams, Arthur T. Safford, W. G. Hoyt, J. D. Arthur, 
Jr., John H. Meursinge, H. K. Barrows. E. D. Hendricks, and Edward W. Bush; Sep- 
tember, 1937, by Messrs. H. K. Barrows, Ivan E. Houk, and John BR. Field; October, 1937, 
by Messrs. C. S. Jarvis and Joseph Jacobs; and December, 1937, by Messrs. W. M. 
Dawley, and Howard M. Turner. 


” Assoc. Prof. of Mechanics, Ohio State Univ., Columbus, Ohio; formerl 
Muskingum Watershed Conservancy Dist.,-New Philadelphia, Ohio. oe 


70a Received by the Secretary December 9, 1937. 
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soon as it appears that the safe capacity of the channel down stream would 
otherwise be exceeded. 

The Pleasant Hill Reservoir has an automatic outlet (orifices in an 
intake tower), but it is not a simple retention basin, as it has 13 500 acre-ft 
of permanent storage that can be released through two 3.5 by ‘7-ft sluice- 
gates. Since these gates are normally under a head of about 45 ft, they 
could, if it were desired, afford an appreciable controlled discharge in addi- 
tion to the automatic discharge through the orifices. The original plans 
called for gates in the orifices also, but this was ruled out by the consulting 
board as one more complication in an already complicated design. 

Of the plotting of discharge per square mile against drainage area (as 
in Fig. 3, presented by Mr. Uhl, and in Fig. 18, presented by Messrs. Harring- 
ton and Johnston) there is no end, and the graphs are always interesting. 
The latest to come to the writer’s attention is by Victor H. Cochrane,7 
M. Am. Soc. C. E. It would seem to the writer, however, that they would 
be much more valuable if the data were limited to the maximum annual 
floods over the entire period of record of a large number of streams. Then 
a line or a smooth curve which had 1% of the points outside it might be 
thought of as representing a 100-yr probability; one with 5% of the points 
outside it, a 20-yr probability; ete. It must always be remembered, how- 
ever, that drainage area is only one of the factors determining probable 
peak discharge. The arrangement of tributaries, whether fan-shaped and 
converging on the point considered, as at Pittsburgh, Pa., and Dayton, Ohio, 
or with various concentration periods, as in the Mississippi River at New 
Orleans, La., plays an extremely important part. As OC. R. Pettis, M. Am. 
Soe. C. E., has shown,7? the average width of the drainage area is probably 
a better criterion than the total area, and a plotting of peak flow against 
average width might be the best way to represent the data. 

In spite of its obviousness, furthermore, attention should be called to 
the fact that it is only in the design of channel improvements, levees, 
bridge openings, ete., that the unmodified peak flow is important. If the 
flow is to be controlled by reservoirs, the essential item is the volume of 
the entire flood hydrograph. Fortunately this can be estimated much more 
accurately than the peak flow, since for safety it must be taken as equal 
to, or nearly equal to, the entire rainfall over the drainage area; and the 
data on rainfall are much more extensive than those on run-off. 

In this connection the writer feels that Messrs. Morse and Thomas have 
erred in their treatment of the effects of forests. The run-off from light 
and medium rains is greatly affected by the cover, and a good forest should 
definitely reduce the average annual flood. For the great floods upon which 
the design of adequate flood control must be based, however, it is doubtful 
whether the retention would be a large enough part of the entire precipita- 
tion to affect greatly the design. For example, the January, 1937, flood at 
Louisville, Ky., would probably have been almost as great if the same rain- 

1 Bngineering News-Record, November 25, 1937, p. 867. 


72 Poods in the United States,” U. S. Geological Survey, Water Supply Paper No. 
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fall had fallen 200 yr earlier. Certainly accurate quantitative data on the 
subject are greatly to be desired. 

With the remarks of Messrs. Morse and Thomas on “ flood routing” and 
on the importance of the experiments at the Carnegie Institute of Tech- 
nology, at Pittsburgh, the writer is in hearty accord. Some have felt that 
the Burns-Harkness-McCarthy method is a satisfactory solution of the prob- 
lem, but the writer’s experience is that the ratio of storage increment to 
the corresponding weighted flow increment is not the same for great floods 
as it is for medium-sized floods, and that it is not the same for winter 
floods as for summer floods. To be able to compute the effect at all points 
down stream, of storing or discharging at given rates from each reservoir, 
is so necessary for flood forecasting as well as for the design of control 
systems, that the problem is probably the most important one confronting 
flood control engineers. Fortunately, sufficiently complicated systems are 
now in existence on such rivers as the Tennessee and Muskingum, to try 
out, by full-scale experiment with small floods, any theory or method of 
computation proposed. It is hoped that such experiments will be made. 
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Discussion 


By JULIUS. LL. SPEERT, JUN, AM: Soc: Cy E. 


Junius L. Sperrr,? Jun. Am. Soc. OC. E. (by letter)14¢7—The author 
gives voice to a complaint that undoubtedly has been felt by many engineers, 
but has seldom been mentioned. It is unfortunate that the relative sim- 
plicity of many kinds of surveying computations should be masked by 
complicated explanations or instructions. This condition is probably due 
to the fact that, as far as the writer knows, the theory of surveying compu- 
tations is to be found, in general, in only two types of publications; namely, 
college textbooks, and Government publications. By its very nature, a 
college textbook must approach its subject gradually, emphasizing the method 
of approach rather than the ultimate conclusion. The voluminous explana- 
tion necessary in this type of treatment makes the book unsuitable as a 
practical working manual. Similarly, Government publications on survey- 
ing, as a rule, are scholarly treatises, written by, and of value to, scholars 
and mathematicians, but too frequently unintelligible to the average sur- 
veyor, whose knowledge of higher mathematics is somewhat limited and 
who has little desire to become involved in its ramifications. 

If there were available a concise manual of instructions in which the 
method of performing the computations was clearly explained and the sig- 
nificance of each step was briefly stated, there would be less tendency for 
the young engineer and the practical surveyor to shun precise methods of 
computing and recording surveys in favor of the simpler methods of plane 
surveying. The mathematical justification for the various steps should be 
included in the appendix to this manual, where it would be available to the 
mathematically minded but would not confuse and bewilder those less gifted. 

The author’s proposed remedy is to simplify the use of geodetic control 


Notp.—The paper by R. C. Sheldon, Assoc. M. Am. Soc. C. H., was published in 
April, 1937, Proceedings. Discussion on this paper has appeared in Proceedings, as fol- 
lows: September, 1937, by Messrs. Philip Kissam, Ralph Z. Kirkpatrick, BH. B. Roberts, 
H. W. Hemple, J. C. Carpenter, and George D. Whitmore ; and November, 19387, by R. M. 
Wilson, M. Am. Soc. C. E 

11 Asst. Topographic Engr., U. 8S. Geological Survey, Washington, D. C. 


lla Received by the Secretary November 26, 1937. 
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by substituting for the more rigorous computations what amounts almost 
to the methods used in plane co-ordinate computation. For the Canal Zone, 
where the maximum convergence of meridians amounts to not more than 
5’, this method appears to be satisfactory. However, examination of Table 
3(b) and Table 4(b) shows that for latitudes in the United States excessive 
errors might readily be introduced into surveys of any appreciable extent. 
The author offers no simple method for evaluating these errors. 

There can be little doubt that the development of the State plane co- 
ordinate systems, published by the U. S. Coast and Geodetic Survey in 
Special Publication No. 193 (11)? constitutes the greatest advance in recent 
years in the simplification of surveying computations. These systems per- 
mit computations as simple as those of plane surveying and yet make it 
possible to tie any located point rigidly to the national geodetic-control net 
as well as to every other point tied thereto. Although a true, undistorted 
representation of the earth’s surface is impossible on a plane, the State 
systems permit a precise evaluation of the error involved in the computed 
position of any point, thereby, in effect, eliminating that error by making 
possible a compensation for it. : 

To make the geodetic-control net more readily available for the use of 
plane co-ordinates, the U. S. Geological Survey has recently published, in 
pamphlet form, a set of formulas and tables by means of which the con- 
version of geodetic co-ordinates to plane co-ordinates on the State systems 
may be greatly simplified.12 These formulas and tables are designed to be 
used with a computing machine and natural functions, thereby dispensing 
with cumbersome logarithms, and greatly reducing the labor and time re- 
quired for the conversion. Complete detailed instructions are included in 
the pamphlet and, for those interested in the theory, the derivation of the 
formulas is explained in a short appendix. 

With all the facilities now available for tying any survey to the national 
geodetic control net, there should be little excuse for an isolated, uncon- 
trolled survey, and there is no longer any need for a part-way compromise 
between geodetic control and its practical application. 


* For reference to figures in parentheses, see “ Bibliography,” in Appendix, Proceedi 
Am. Soe. C. E., April, 1937, p. 668. or Oe * Bib ial x 


22“ Formulas and Tables for the Transformation of Geodetic to Plane Co-Ordinates 
on the Lambert and Transverse Mercator Projections,” by J. L. Speert, U. S. Dept. of the 
Interior, Geological Survey, 13 pp. 
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EFFECT OF DOWEL-BAR MISALIGNMENT ACROSS 
CONCRETE PAVEMENT JOINTS 


Discussion 


By L. E. GRINTER, Assoc. M. Am. Soc. C. E. 


L. E. Grintrer,“ Assoc. M. Am. Soc. C. E. (by letter).14*—This excellent 
paper reports the results of tests made to determine a second influence on 
the action of dowels that may be quite as important as their action in resisting 
vertical shear caused by wheel loads. Any attempt to design dowels to 
resist, safely, the shear produced as a wheel load moves across the joint 
evidently will fail in its major objective if misalignment can produce failure 
anyway. Strangely enough, the stresses produced by wheel loads and the 
stresses produced by misalignment are essentially alike, and this statement 
holds true both for the stresses in the bar and for the stresses that the bar 
produces in the concrete slab. The result of excessive stresses in either 
case would be a spalling failure of the concrete as illustrated so clearly in 
Fig. 9. It must be the purpose of good design to prevent such failure from 
the action of the various possible load conditions, and it is the purpose of 
good construction to prevent such possibility from misalignment. 

Internal Deformations.—An understanding of the kinds of strains produced 
by misalignment might aid one in an interpretation of the author’s conclusions. 
It will be evident from Fig. 12 that the influence of a wheel load or of a heaving 
sub-grade, as indicated in Fig. 1(a), is identical with the influence of mis- 
alignment, as shown in Fig. 1(b). In either case the dowel across the joint 
acts as a short beam, restrained at its two ends, which undergoes differential 
settlement. If its end conditions are identical, this beam will deflect in 
a symmetrical reversed curve and will show a point of contra-flexure midway 
between the slabs. However, since the end conditions are unlike, one end 
being bonded and the other end being unbonded (and, therefore, slightly 


Notr.—The paper by Arthur R. Smith, M. Am. Soc. C. E., and Sanford W. Benham, 
Assoc. M. Am. Soc. C. E., was published in June, 1937, Proceedings. Discussion on this 
paper has appeared in Proceedings, as follows: October, 1937, by Messrs. L. W. Teller, 
David J. Peery, and L. J. Mensch; and December, 1937, by Messrs. W. O. Fremont, and 
George A. Smith. 

14 Director of Civ. Eng., and Dean of the Graduate Div., Armour Inst. of Technology, 
Chicago, Il. 

14a Received by the Secretary December 4, 1937. 
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loose in the concrete), it is qualitatively justifiable to assume that the moment 
at the sliding end is only 50% or less of the moment at the bonded end. 
The general load condition, then, of a misaligned dowel bar is similar 
in most respects to the problem of any bar or beam of indefinite length, 
Spat 1S Fixed End 


eB stag ey 


(a)ELEVATION 


(b)PLAN 


Fie. 12.—DISTORTION FROM SHTTLEMENT Fig. 13.—-BAR ON AN ELASTIC 
AND MISALIGNMENT FOUNDATION 


supported on an elastic foundation, as shown in Fig. 13. This problem 
has been analyzed by Professor S. Timoshenko!® who found the deflection 
at the end of the bar to be: 


PP ah 
Uous— TRE ay, Co, Gen mi natcatig hyo ah REO NA fe, elton nea (18) 
in which, 
4/ Kb 
B = 4EI b Povlon cnleh a) wiediheieey, s.GILe multe BS als hale net oe (19) 
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Percentage of Maximum Deflection 


100% 
Fie. 14.—DrriecrTion DIAGRAM FoR A BAR ON AN BLAstic SupporTING MppiuM 


In Equations (18) and (19), #, J, and 6 are, respectively, the modulus of 
elasticity, the moment of inertia, and the breadth or diameter of the bar; 
K is the foundation modulus, in pounds per square inch per inch of settle- 
ment. Hence, K is essentially an indeterminate factor in the case of a loaded 


18“ Applied Elasticity,’ by S. Timoshenko and J. i i 
NEN Mciee Phent Gp. se ioe M. Lessels, Westinghouse Technical 
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dowel bar since it should combine the resistance of the slab with that of the 
sub-grade. For a dowel bar misaligned in the horizontal plane, K apparently 
becomes the same as the modulus of elasticity of the concrete. 

It is possible to avoid a discussion of the factor, K, in one study by in- 
vestigating the general equation for the deflection of the bar, 


—B x 
Y = x grqr LP 00s Be + B Mo (cos Bx — sin Bx)].......(20a) 


which will be simplified temporarily by dropping the term involving Mo, 


—B x 
y = ram Alo koe ome earn meer 
Equation (200) is plotted in Fig. 14 in terms of thé angle, 8x. The important 
considerations are that the positive or downward deflection under the applied 
load exists over a length, a, which is one-third the length to the second point 
of zero deflection. 

From a study of Fig. 14 it seems reasonably evident that any dowel bar 
must act at some stage of its life in such a manner that only bearing pressure 
under about one-third its embedded length is available to resist the dowel 
shear, and that over this length the bearing pressure reduces in nearly a 
parabolic line from a maximum value to zero. The dowel moment, Mo, . 
will act to increase the severity of the dowel pressure, but, in so far as the 
general shape of the deflection curve is concerned, the influence of M, will 
not be important. 

Example of Misalignment Study.—If the concrete of the slab has an 
ultimate compressive strength of 3000 lb per sq in., and if the dowels 
are 2-in. round bars, 24 in. long, the ultimate shearing capacity per dowel 
before the concrete begins to spall slightly, probably, is not greater than 

= _ * x a) = 3000 lb. This conclusion is based upon the form 
of the deflection curve of Fig. 14. The authors found that the alignment 
error in a 6-in. pavement could be 1 in. without causing spalling even when 
the joint was opened to a width of 0.75 in. An error of 1 in. in 22 in. amounts 
to 0.03 in. in a length of 0.75 in. 

If the misalignment to be considered is in the horizontal plane of the 
pavement, the elastic compression of the concrete due to the bar pressure 
can be computed from Equation (18) when the value of K is the modulus of 
elasticity of the concrete. This modulus is assumed herein at the low value of 
1500 000 to account in a crude manner for deformations at stresses near the 

, : 4]! 1 500 000 X 0.75 
ultimate. Hence, by Equation (19) 6 = NG x 30 000 000 X 0.049 X 0.75! 
= 0.88. In order to obtain an average condition (joint open 0.75 in.), Mo 
may be taken at 0.375 X 3000; and, by Equation (18), 


uf 3.000 + 3 000 X 0.375 X 0.88 Dor naate 
Yo = 5X 0.88% X 30 000 000 X 0.049 X 0.754 
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As shown by the exaggerated picture, Fig. 15, the misalignment is ac- 
counted for by three distortions: 


(a) The bending of the bar as a fixed-end beam in the gap between slabs 
(this contribution is small, amounting to only 0.0002 any)'s 

(b) The movement, y, per- 
mitted by the elastic and inelastic 
deformation of the concrete; and, 

(c) The movement, @ x, that is 
permitted by the slope taken by the 
bar across the open joint. 


Contribution (6) evidently is 
twice the value of 0.0062 com- 
Beare DOW ny Pes habeal ant puted by Equation (18), or 0.0124 
in. Angle @ can be approximated 
from Fig. 14 as the deflection divided by one-sixth of the embedded length of 
bar of 0.0062 + 2 = 0.0031 radian. Contribution (c), therefore, will be 
0.0031 X 0.75 = 0.0023 in. when the gap across the joint is ? in. in width. 
Hence, the, total misalignment deformation would become 0.0124 + 0.0023 
+ 0.0002 = 0.015 in. 
Conclusion.—Since this deflection is only about one-half the movement 
that the authors consider permissible, it appears that the action of the test 
slabs could be explained on one of the following bases: 


(1) That the bars did not fit tightly into the slabs and, therefore, were 
able to “give” slightly (such dowels are of questionable value in transferring 
load across a joint, which is their major function since an unsupported interior 
edge is a line of great weakness); 

(2) There may have been some undetected crushing or even a slight 
spalling which would prove a source of ultimate failure if slippage should 
be repeated many times; and, 

(3) Looseness or “give” at one slab would produce a possible maximum 
moment in the bar of 3000 X 0.75 = 2270 in-lb. This moment would 
stress a {-in. round bar to 55 000 lb per sqin. If the bars used are of ordinary 
mild steel, they may, therefore, be deformed permanently. 


The writer calls attention to the approximations involved in the compu- 
tations presented herein. Much can be learned by such calculations, but 
they should be taken as significant qualitatively rather than quantitatively. 
From them the writer draws the general conclusion that the authors’ speci- 
fications for permissible misalignment may be overly generous if proper 
dowel action is expected during the entire life of the pavement. Since a 
practical construction procedure could be devised to eliminate inaccuracy 
in excess of { in. in alignment, this value could be set as a practical standard 
of workmanship. The importance of this requirement will be evident when 
it is understood that the stresses accompanying dowel action induced by 
loads, by heaving of the sub-grade, and by misalignment, may be additive. 
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WATER TRANSPORTATION VERSUS RAIL 


TRANSPORTATION 
A SYMPOSIUM 
Discussion 


By C. D. BORDELON, Esq. 


C. D. BorpEton,” Esa. (by letter).2*—The authors of the papers compris- 
ing the Symposium—otherwise of generally divergent views—agree that inland 
waterway transportation was essential to the very life of the Middle West and 
the Ohio Valley at least until about the 1860’s. Before that time there was 
virtually no other means of mass transportation of goods and people. 

Even at the middle of the Nineteenth Century there were no railroads west 
of the Mississippi River; St. Louis, Mo., Cairo, IIll., Chicago, IIl., and New 
Orleans, La., had no lines of railroad whatever until about 1852, and the 
important cities of New Orleans, St. Louis, Chicago, Cincinnati, Ohio, Pitts- 
burgh, Pa., and the “Twin Cities” (Minneapolis and St. Paul, Minn.) were 
connected only by watercourses. It is small wonder then, that the inland 
waterways were regarded at that time as of such great value to the life and 
development of the nation. 

The authors are also in agreement that the subsequent extension of rail 
lines to include all the vast territory tributary to these main rivers brought 
about the general demise of river transportation. These rivers were no longer 
indispensable to economic existence. 

The essential differences between Major Putnam and Mr. Wonson may 
fairly be said to be whether there is at this time any economic justification for 
the further expenditure of public funds to create and maintain inland water- 
ways whose use is free to private purposes as well as to operations for profit; 
and whether inland waterway costs should include interest on funds spent in 
creating and maintaining the channels. An appraisal of these differing points 


Notp.—The Symposium on Water Transportation Versus Rail Transportation was 
presented at the meeting of the Waterways Division, Little Rock, Ark., April 25, 1936, 
and published in September, 1937, Proceedings. Discussion on this Symposium has ap- 
peared in Proceedings, as follows: October, 1937, by George Hartley, Hsq.; and December, 


A 


1937, by W. D. Faucette and J. BE, Willoughby, Members, Am. Soc. C. E. 
2 Asst. Freight Traffic Mgr., Mo. Pac. Lines, St. Louis, Mo. 
12a Received by the Secretary November 13, 1937. 
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of view, as well as of governmental policy in respect to the inland waterways 
may be aided by a review of certain facts probably, in the main, forgotten. 

Beginning this brief discussion with the period in which the railways hac 
virtually supplanted inland water carriers, and at which time also the capacity 
of the rail lines was occasionally over-taxed, it is found that the organizec 
movement for a revival of inland water transportation began in the early 1890’: 
and crystallized in 1895. During that year the International Waterways 
Convention was held in Cleveland, Ohio, followed five or six years later by the 
First National Rivers and Harbors Congress, in Baltimore, Md. The as: 
sembling of these two conventions, joined with the work of various commercia 
associations, stimulated new interest in waterway transportation. In 1902. 
Congress passed a Rivers and Harbors Act providing for the establishment of 2 
Board of Army Engineers to review, from an engineering standpoint, all recom. 
mendations for waterway projects. In 1903, the people of New York voted 
$101 000 000 for the improvement of the Erie Canal. 

Many conventions and congresses were held in 1907, and in that year, acting 
in part on the belief he had voiced in his Memphis, Tenn., speech and as a part 
of his general conservation program, President Theodore Roosevelt appointed 
the Inland Waterways Commission with the then Senator Theodore E. Burton 
of Ohio, as Chairman. In the preliminary report of that Committee, in 1908, it 
was stated: 


“While the railways of mainland United States have been notably efficient 
in extending and promoting the production and commerce of the country, it is 
clear that at seasons recurring with increasing frequency they are unable tc 
keep pace with production or to meet the requirements of transportation.” 


The Commission further declared that, although navigation of the inlanc 
waterways had declined with an increase in rail transportation during the 
latter decades of the Nineteenth Century, it was clear that the time had arrivec 
for restoring and developing such inland navigation and water transportatior 
as upon expert examination appeared to confer a benefit commensurate wit 
the cost, to be utilized as a necessary adjunct to rail transportation. 


“While trustworthy estimates cannot be made without further data,” saic 
the Committee, “it is reasonable to anticipate that congestion of interstate 
commerce can be obviated in a large measure by judicious improvement o 
waterways adapted to barge and boat traffic, at a figure much less than esti 
mated by competent authorities for so increasing railway facilities as to mee 
present needs.” 


The Commission recommended that the President, with the advice anc 
consent of the Senate, appoint a National Waterways Commission to bring int« 
co-ordination the Corps of Engineers of the Army, the Bureau of Soils, th 
Forest Service, and other branches of public service in so far as their worl 
related to inland waterways, for the purpose of making further investigation o 
various kinds. 

The National Waterways Commission, composed of twelve members of th 
Senate and House of Representatives, came into being as the result of an Ac 
of Congress, dated March 3, 1909. The duty imposed upon this Commissio1 
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by statute was to investigate questions pertaining to water transportation and 
the improvement of waterways, and to make recommendation to Congress. 

In its preliminary report in 1910 this Commission declared that although 
there had been a tendency to improve waterways for the purpose of lowering 
railway rates, it could not endorse this as a desirable policy to adopt; that such 
a policy rested, in the first instance, upon the transparent fallacy that the 
railways constitute an intrenched and uncontrollable monopoly which could 
not be reached by legislation or other orderly legal methods; and that the only 
way in which to compel them to lower rates is by the expenditure of large sums 
of money. 

It recommended that a definite policy be adopted regarding the relations 
between railways and waterways. Such a policy, the Commission stated, 
should be based on the idea that the purpose of improving waterways was to 
secure additional means of transportation, and not to reduce rates or regulate 
the railways. Experience had demonstrated, according to the Commission’s 
report, that waterways could not be relied upon as the great cheapeners and 
regulators of railway rates, which they once were supposed to be. The report 
also contains the statement that no European country used its waterways to 
control railway rates, that function being accomplished by the proper ad- 
ministrative bureau of the Government, and that the waterways were improved 
with the idea of securing additional means of transportation. 

In its final report, in 1912, it was said that some of the economic factors 
theretofore unfavorable to the development of water transportation were 
gradually changing. Population was increasing rapidly. The average in- 
crease for the decade preceding 1912 had been more than 1 590 000 per year. 
Industrial development of the country was also making rapid strides, according 
to the report, and the value of agricultural products had doubled in the pre- 
ceding ten years. 

The Commission found that the movement of traffic had increased ee 2 
out of proportion to the increase in transportation facilities. During the 
period, 1900 to 1910, according to the report, the railway mileage increased 
about 36%; the number of locomotives increased 56%; the number of freight 
cars, 56%; while the ton-miles of service performed increased 80 per cent. 
Previous to that time, the development of transportation facilities had increased 
more rapidly than the demand for them, and the railways made special efforts to 
secure traffic of any kind for their idle equipment, even on very lowrates. With 
the rapid expansion which took place between 1904 and 1907, however, all the 
surplus capacity of the railways was soon exhausted, and a traffic congestion 
ensued, 

The car shortages of 1906-1907 caused widespread complaint and dis- 
satisfaction, and increased the belief that the railroads were inadequate to 
meet the needs of the country’s commerce. Herbert Quick," one of the most 
ardent advocates of inland waterway development, declared that the railroads 
could not handle the nation’s traffic. He referred to the car shortage in 1906 


13 ““ American Inland Waterways,” by Herbert Quick (1909), p. 75. 
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and 1907 as establishing this fact, and stated: 


“The best railway description of the situation is that we have been trying 
to force a three-inch stream of commerce through a two-inch pipe of railways; 
that we need over 75,000 to 120,000 miles of new track, and so Many new cars 
and engines that on the whole there is not enough iron in the country to meet 
their needs, not labor enough to make and install the new equipment and track, 
and not enough money to pay for the transactions.” 


This thought persisted during the years prior to the World War. 

In the “Census of Transportation by Water,” a special report of the Census 
Bureau for 1916, it is stated that, although the development of inland water- 
ways had not continued in the preceding decade to the extent desirable, further 
development was necessary to meet the demands of existing commerce, to 
prevent the recurrence of congestion at the ports and to permit water-borne 
commerce among the States. 

The World War brought the situation to a head. The movement of traffic 
which it caused undoubtedly over-taxed the then existing railroad plant. 
Water transportation was partly taken over by the Government as a means 
of transport supply and to supplement existing transportation services in sec- 
tions where abnormal production prevailed. 

It is of more than passing interest to observe that the entry of the Federal 
Government into the water-transportation business was due to the exigencies 
of war. In the Annual Report of the Hon. William G. McAdoo, Director 
General of Railroads, to the President in 1918, the former stated that he had 
appointed a committee to make a prompt investigation and to suggest a definite 
plan for the additional use of internal waterways so as to relieve or supplement 
the railways under the conditions caused by war. 

The Annual Report of the Chief of Inland Coastwise Waterways Service to 
the Secretary of War for the fiscal year 1920 stated that the particular purpose 
of the Committee on Inland Water Transportation, and that to which its efforts 
were mainly addressed, was the study of the feasibility of utilizing the water- 
ways for the relief of war-time freight congestion of the railroads, which was 


then beginning to be keenly felt; and, that the necessities of the circumstances 


required the adoption of a plan that would give immediate relief to shippers and 
the public by moving a fixed quantity of water-borne freight to the relief of 
other facilities. He stated further that as rail-transportation facilities became 
yearly less able to handle, alone, the entire traffic business of the Mississippi 
Valley, and as annual periods of rolling-stock shortage brought increasing losses 
to the mercantile communities of the Central West, active interest began to be 
directed to the interior river system. 

Corroborating this thought, Maj. Gen. T. Q. Ashburn, in his testimony in 
March, 1935, before the Joint Committee of the Senate and House considering 
the bill’ to regulate water carriers, stated in part: ‘Please remember that the 
rehabilitation of our interior waterway commerce began with the crying need 
of our interior communicative system for more and better means of supplying 
the needs of our troops at home and overseas.”’ 

The experience of the war led to the deep-seated belief in many quarters 
that the railroads would never be adequate for the transportation needs of the 


*S. Doc. No. 1632, H. R. Doc. No. 5379, 74th Cong., 1st Session, March, 1935. 
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country and that they would have to be supplemented by some other agency 
which later was considered to be the waterways. This belief was repeatedly, 
expressed by those who investigated inland waterway development or who 
championed the inland waterway movement. For example, James E. Smith 
President of the Mississippi Valley Waterways Association, stated in 1919:15 


“The time has come when the people of our whole country are insisting upon 
the Government adopting a broad, comprehensive plan for the improvement and 
use of all of our important navigable rivers as transportation highways. 

‘ * * * The people of our country know that our railroads have not kept 
pace with the growth of our commerce, and that its further growth and expan- 
sion and the full development of our country’s resources are absolutely depend- 
ent upon the use of our navigable waterways * * *,” 


At the same time Jackson Johnson, President of the St. Louis Chamber of 
Commerce, made the following statement: 


_ “Heretofore the Mississippi Valley has not had sufficient outlet to encourage 
intensive production. Agricultural, industrial, commercial and mining re- 
sources of the Valley are so varied and so unlimited, that it was not surprising 
that commerce, growing out of these resources, was expanding beyond the 
capacity of the railroads to handle, even before the war added to their burdens; 
and now with the return to peace conditions, the transportation outlet by rail 
is not encouraging. It cannot be for several decades to come, even at in- 
estimable expense. There has been no railroad development at all in the last 
two years. In fact, there is less trackage now than there was two years ago, 
and yet there is an industrial condition that demands a greater outlet. We 
must find a market for the overplus of manufacture and agriculture, which was 
developed by the intensified war production.” 


The statement by A. W. Mackie, Manager of the Mississippi Section, 
Mississippi-Warrior Waterways, follows: 


“‘Wonderful as has been the development of railroad transportation in the 
United States, commercial development employing that transportation has 
been equally marvellous, and we now face a situation more serious to business 
progress than is generally recognized. That situation is one of continued 
rapid development of industry and production without adequate expansion and 
development of rail facilities. Proof of this statement is offered every time 
there is a heavy crop movement on, as in the recent war emergency, a heavy 
demand upon transportation. The railroads alone cannot provide the neces- 
_ sary transportation facilities and service. We must, then, employ the proven 
capacity of our improved inland waters.” 


During the consideration by the House of Representatives of the original 
Inland Waterways Act, Mr. E. E. Denison, who was on the Committee, and 
more or less in charge of the bill, emphasized the supposed inability of the 
railroads to carry the nation’s commerce.!® To the same effect are the following 
conclusions in the 1922 report of the International Joint Commission on the St. 
Lawrence Waterway: 

(1) The then existing means of transportation between the tributary area in 
the United States and the seaboard were altogether inadequate, and the rail- 
_ roads had not kept pace with the needs of the country. 


15 National Waterways Magazine, March, 1919. 
16 Congressional Record, Vol. 65, Pt. 9, p. 8720. 
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(2) Although war conditions had something to do with the dislocation of 
railway traffic in the United States and, although various other factors should 
be taken into account, such as the congestion of traffic at certain critical points 
between the West and the Atlantic Seaboard, and the abnormal demand for 
cars at certain times of the year, the fundamental difficulty lay rather in the 
phenomenal growth of the population and industry throughout the Middle 
Western and Western States, a growth with which the railroads had failed to 
keep pace. 

(3) The solution of the problem called for the utilization of every practicable 
means of communication, and particularly of the natural waterway extending 
from the Atlantic into the very heart of the continent. 


That the belief of the Department of Commerce that the further and 
continued improvement of inland waterways was justified was based at least 
in part on inadequate rail transportation facilities, and this is clearly demon- 
strated in the statement of the Director of the Bureau of Foreign and Domestic 
Commerce in submitting, in June, 1923, to the then Secretary of Commerce, a 
survey of inland water transportation in the United States. The Director 
stated that, although interest in the development of internal water routes had 
never been entirely lacking in recent years, particularly those during and 
immediately following the World War, there had been a definite focusing of 
attention on rivers and canals as a means of supplementing the periodically 
inadequate transport system. He said that it was the opinion in many quarters 
that the railroads would be unable in the future to increase their capacity to the 
extent demanded by a rapidly expanding commerce, and that it would be 
necessary to rely to a greater extent than formerly on water routes for the 
carriage of both bulk and package freight. 

Even after the inauguration of the program for the rehabilitation and 
expansion of the national railroad system, the notion of the permanent inade- 
quacy of the railroads continued. Expressions of this so-called inadequacy are 
found in the hearings before the Committee on Interstate and Foreign Com- 
merce, House of Representatives.1? The so-called Denison Act, which resulted, 
gave rise to the Court proceedings relating to the Commission’s power to 
prescribe, without a hearing, through routes and joint rates between the rail- 
ways and inland water carriers. 

Later, and in 1930, Mr. Theodore Brent, in an address before the Thirty- 
Sixth Annual Convention of the Ohio Valley Improvement Association, said : 
that during the last 75 or 80 yr, the American public had given its attention 
almost exclusively to the development of railroads as a means of transportation. 
“Since the beginning of the Twentieth Century, however, there had been rude 
awakenings,” said Mr. Brent. Furthermore, one need but read the elaborate 
and emergency provisions of the Interstate Commerce Law, dealing with 
congestions and break-downs of service, and remember the conditions that 
caused their enactment, to realize that the railroads had marked limitations, 
and that these reflections had brought studious people to renew their pleas 


7H. R. Doc. No. 10710 as amended by H. R. Doc. No. 18512, 70th Cong., 2d Session. 
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for the development of the inland water resources as auxiliary means of 
transportation. 

Senator Joseph E. Ransdell, in an address at the same Convention, stated 
that shortly after the National Rivers and Harbors Congress was formed in 
1906, he traveled throughout the United States, everywhere talking waterways, 
but that his voice was like one in the wilderness; that no interest was taken in 
waterways, but that gradually, as the result of educational work of the Rivers 
and Harbors Congress, of the annual conventions which were being held, and 
of the many speeches made in the United States by the field directors and agents, 
some public sentiment was developed. 

The divergence of views of these two waterways spokesmen is remarkable. 
Mr. Brent referred to the pleas for inland waterway development as an auxiliary 
means of transportation, and Senator Ransdell deplored the lack of public 
sentiment which manifested itself, in some degree, only after many years of 
intensive educational work. It may be said that the need for new and addi- 
tional transportation facilities lent great strength to public demand and served 
largely to secure the appropriations of generous sums of money for the develop- 
ment of the inland waterways of the United States. 

It is proper to conclude, therefore, that the periods of greatest interest in 
inland waterway transportation can be traced generally to those of railway 
congestion. The great majority of the people, apparently, have been indifferent 
to the question, except on those occasions in the past when railroad facilities 
and service have proved inadequate. 

No one will deny that the existing railway plant is capable of handling much 
more tonnage than is available, or in reasonable prospect. The peak traffic 
of 1929, amounting to more than 447 billion revenue ton-miles, was handled 
with no car shortage. This compares with the traffic volume of 410 billion 
revenue ton-miles in 1920 during which year there was a reported maximum 
shortage of 147 309 cars. 

The potential capacity of the railways is only the result of a plan of expan- 
sion adopted shortly after the end of Federal control. Early in 1923, railway 
executives agreed upon this program, looking toward the rehabilitation of 
facilities, and to an increase in efficiency and economy in operation. The 
entire program rested upon the basis of investment of large sums of new money 
in the industry. During the succeeding eight years, until the end of 1930, the 
program of heavy annual expenditures for additions and betterments to plants 
was consistently advanced. During that 8-yr period nearly 6.75 billions of 
dollars were so expended. The program had a twofold purpose: First, to supply 
the country with adequate rail transportation; and, second, to assure the public 
that the transportation would be efficiently and economically rendered, from 
the standpoint both of the user and the producer of the service. The program 
still continues. 

In the report of Federal Co-Ordinator of Transportation, Joseph B. Hast- 
man,18 of March 10, 1934, the statement is made that from 1920 to 1932 the net 
total expenditures for new transportation facilities amounted to $19 110 000 000, 


18 Senate Doc, No. 152, 78d Cong., 2d Session. 
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or substantially the same as the railways’ investment in 1920. Included in 
that sum is an investment of $423 613 000 in pipe lines for the transportation of 
petroleum products; $12 500 000 000 for highways and streets; and $604 000 000 
of Federal money for the improvement of rivers and harbors. 

With this great increase in transportation facilities and the fact that the 
physical expansion of the nation is largely accomplished, it is apparent that 
there is little if any justification for the continued spending of millions of dollars 
yearly on the inland waterways as supplements to land transportation facilities. 

Despite the conviction that water transportation was necessary to supple- 
ment the railways, it has generally been considered by responsible authorities 
that the cost necessary for the creation and maintenance of waterways is a 
factor to be given consideration. The report of the Windom-Select Committee 
on Transportation Routes to the Seaboard, in 1874, stated that, after a most 
careful consideration of the merits of various proposed improvements, taking 
into account the cost and other factors, the Committee came to the conclusion 
that certain water routes would be feasible and advantageous. The following 
is quoted from the report: ““The Committee believes that the water route sug- 
gested should constitute free highways of commerce, subject only to such tolls 
as may be necessary for maintenance and repairs.’ To quote further from the 
report: ‘If, however, Congress shall deem it expedient to require them to 
provide interest on the cost of construction and the means for ultimate re- 
demption of the principal, the whole improvement will involve only a loan of 
Government credit.” 

The preliminary report of the Inland Waterways Commission, in 1908, 
contains the statement that inland waterway transportation should be restored 
wherever, upon expert examination, it appeared that a benefit commensurate 
with the cost would result; and, that the practicability of any waterway project 
depended not only on local and general demands of commerce, but upon various 
factors, including physical and economic considerations, entering into or tending 
to counterbalance the cost. 

“The cost of facilities for carrying freight,’ quoting from the Commission’s 
report, ‘‘whether borne by the Federal Government or by private capital is a 
burden upon the resources of the country. While the tendency of water 
improvements to lower freight rates is an important element to be considered, 
the fundamental criterion should be whether a railway or a waterway, whether 
constructed or improved, will be a profitable investment of capital.” In its 
final report, submitted in 1912, the National Waterways Commission reached 
the conclusion that if inland waterways cannot afford cheaper transportation 
than railroads, the sums spent for navigation could be more profitably utilized 
for increasing railway mileage and efficiency, and that in determining the cost 
of transportation by water each ton should be charged with its proportion of the 
cost of improvement even if, in actual practice, this expense is borne by the 
Government. 

The Commission found that a frequent method of demonstrating that water 
transportation is cheaper than rail is by comparing the average cost per ton- 
mile on some waterway with that for all the railways in the United States but 
that no such exact comparisons as these can be made for the reason that the 
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rates compared do not include the same elements of cost. It made the definite 
statement that any comparison of transportation cost by rail and by water 
would be of value only when the two rates include similar elements of expense. 
The Commission held that whether water traffic should be charged with all the 
expenses incurred for aiding navigation, or whether these should be met, in 
whole or in part, by taxation, is a question of public policy. 

As to differentials in favor of the water carriers, the National Waterways 
Commission declared that the main problem is whether the cost of transporta- 
tion by a water route is sufficiently cheaper than that by rail to warrant the 
granting of a certain differential in its favor. 

The Department of Commerce takes the position that, although the Govern- 
ment has authorized the expenditure of many millions of dollars to provide the 
most improved type of equipment for the experiment it has undertaken, and 
the benefits of its experience will be available to private capital, it may be that 
the experiment will not prove remunerative if all factors of cost are taken into 
consideration, including interest on the sums spent in constructing the channels; 
and, furthermore, that for services on channels already made navigable, or on 
canals already built, the returns need cover only current operating expenses and 
necessary maintenance of channel, terminals, and floating equipment. The 
Department further stated that, although the expenses for these waterways 
are borne by the Government, they are a drain on the economic resources of 
the country. 

Recognition that the “savings” in transportation costs accruing to the users 
of barge service are made up by the taxes paid by the general public, is found in 
the Annual Report of the Chief of Inland and Coastwise Waterways Service, 
for 1923, wherein it is stated that there should be a free interchange of freight 
with the railroads, on the ground that otherwise it would be unfair discrimina- 
tion “to tax the public at large”’ for the benefit of a small section of the country. 

In an address at Louisville, Ky., on October 23, 1929, President Herbert 
Hoover, Hon. M. Am. Soc. C. E., stated that ‘‘as a general and broad policy, I 
favor modernizing of every part of our waterways which will show economic 
justification.” 

The Board of Engineers for Rivers and Harbors, of the U. 8. War Depart- 
ment, in co-operation with the United States Shipping Board, deals with the 
subject in these words: 


“The primary measure of the economic value of any waterway system is the 
savings in transportation costs which it affords. Usually, this saving is shown 
by comparing the water transportation cost with the rates for moving the same 
goods between the same points by rail. Included in this cost of water trans- 
portation should be the charges for interest on capital investment in waterway 
improvements plus annual cost of operation and maintenance.” 


In an address before the Thirty-Sixth Annual Convention of the Ohio 
Valley Improvement Association, in 1930, C. O. Sherrill, M. Am. Soe. ©. E., in 
discussing certain data relating to Ohio River operations, stated that they were 


19 “ Transportation on the Ohio River System” (Interim Report), Library of Congress 
Card 27—26771. 
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based on the real cost of transportation by water, including the interest charges 
on the costs of the improvement, as well as operation and maintenance costs. 

The United States Chamber of Commerce submitted to the so-called 
Shannon Committee, investigating Government competition with private 
enterprise, a number of principles, among which is found No. IV, reading as 
follows: 

“Grants of public money, whether as gifts or as loans and regardless of the 
conditions attached, to particular forms of business enterprise, or for the special 
advantage of particular forms of business enterprise in their competition with 
other lawful forms, cause unfair damages to private citizens in their lawful 
pursuits and this damage cannot be offset either by pretended or realized 
benefits to other citizens or classes of citizens.” 


The report of the Shannon Committee,” states, among other things, that 
one of the facts which has been demonstrated in the investigation is that 
transportation by barges of the Inland Waterways Corporation is not cheap 
transportation. To quote the words of the Committee: ‘‘When a shipper ships 
by railroad, the rate which is charged by the railroad is the total charge for the 
transportation of material.”” The report further stated that the Barge Line 
pays nothing for taxes, makes no attempt to earn a return on its investment, 
and pays nothing for the use of the stream or to reimburse the Government for 
its expenditures for construction and maintenance. It also declared that part 
of the transportation cost represented by the maintenance of roadway, interest 
on investment, and taxes, which is paid by the shipper when he ships by rail, 
s borne by the taxpayer when the materials move by the Federal Barge Line, 
and that this burden which is borne by the taxpayer is much greater than the 
difference between the railroad freight rate and the Barge Line freight rate. 

The National Transportation Committee, in its report of February 13, 
1933, reached the conclusion that Government assumption of all or part of the 
costs of inefficient competing transport as a defense against monopoly is no 
longer warranted and should be abandoned, and that, as a general principle, 
inland waterways should bear all costs of amortization, interest; maintenance, 
and operation of the facilities for their navigation. The report concluded that 
the studies of the Committee showed no economic benefits to the country 
commensurate with the money spent on inland waterways; that these costs 
bore heavily on the taxpayer as a direct burden. The Committee found it 
difficult to justify the wasteful outpouring of hundreds of millions of dollars 
for results so barren of economic returns. 

It will be recalled that the National Transportation Committee was com- 
posed of the Hon. Calvin Coolidge, the Hon. Alfred E. Smith, and Messrs. 
Bernard M. Baruch, Clark Howell, and Alexander Legge. 

In an address before the National Rivers and Harbors Congress, at Wash- 
ington, D. C., on April 30, 1934, Joseph B. Eastman, Federal Co-Ordinator of 
Transportation, stated: 


“The point is that the cost of construction of the new waterway and the 
annual cost of its maintenance are as much a part of the real cost to the public 
of the new transportation facilities as are the cost of construction and the cost 
eg ee 


20H. R. Doc. No. 1985, 72d Cong., 2d Session. 
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of maintenance of the steamship or barges which operate over the waterway. 
The water carriers do not bear the expense of constructing or maintaining the 
waterway under our present practice; nevertheless, it is there—it cannot be 
escaped and, in one way or another, it is a burden upon the people of the 
country.” 


Similar views were expressed by Mr. Eastman in an address before the 
American Life Convention, at Chicago, on October 10, 1934, and before the 
Convention of the Mississippi Valley Association, at St. Louis, on November 
26, 1934. 

The report of the Mississippi Valley Committee of the Public Works 
Administration, which Committee was composed, according to the Depart- 
ment of the Interior, of a group of the nation’s leading scientists and technicians, 
had the following to say on this point: 


“A system of accounting is also required through which the capital invest- 
ment, as well as maintenance and operating costs, on any given going navigation 
project can be currently determined * * *. The nation undoubtedly needs 
more definite and disinterested data to show the relative costs, taking in all 
factors, of transporting commodities by inland waterways in comparison with 
other media of transportation. Factual data are needed on this subject to 
establish justification or non-justification for either the building or continuation 
of any waterways program whether it be extensive or limited.”’ 


To summarize: (a) As recently as ten years ago justification for inland 
waterway development at public expense rested almost entirely on the supposed 
inadequacy of the railways; (6) the railway plant is now, and has been for many 
years, capable of handling much more tonnage than is reasonably in sight— 
much more than was moved in the peak year of 1929, and without car shortage 
or delay; (c) overwhelming expert opinion holds that the cost of providing and 
maintaining these waterways is a drain on the resources of the country; and 
(d), there has been a tremendous expansion in the transportation facilities of 
all kinds since 1920, so that to-day there are far more ways to move goods than 
there are goods to be moved. 

In presenting this discussion, the writer does not have in mind so much a 
rebuttal of the conclusions or theories presented in the Symposium as the need 
for emphasizing, in this connection, the background and history of waterway ° 
development in the United States. In the earlier days, there was an absolute 
necessity for waterways and in the consideration of new projects it was the 
very definite view of various authorities, including governmental bodies, that 
costs incurred in creating and maintaining inland waterways were a fixed burden 
upon the people—one that must be borne by them through taxation. 

If the writer has interpreted Major Putnam’s theory correctly (especially as 
given in the text following Table 5) he has not given much weight to this fact. 
In common with all advocates of further inland waterway developments he 
ignores entirely the undisputed fact that land transportation (that is, rail, 
motor, or pipe line) is now fully. capable of handling all the commerce of this 
country. This is a condition, of course, that did not exist even as late as 75 yr 
ago. In other words, the reasons that prompted and justified the creation of 
waterways at public expense, to move the Nation’s goods, have disappeared 


completely. 
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DESIGN OF REINFORCED CONCRETE 
IN TORSION 


Discussion 
By Megssrs. BRUCE G. JOHNSTON, AND DEAN PEABODY, JR. 


Bruce G. Jounston,!° Assoc. M. Am. Soc. C. E. (by letter).!°—Nearly all 
structural frames of the so-called ‘“‘rigid” type are space frames; few are analyzed 
assuch. In many cases there is little interaction between the various planes of 
the structure, and the analysis may be satisfactorily divided into separate plane 
problems. In frames of the type represented by the author, however, the 
three-dimensional analysis is essential because of the torsion introduced. In 
actual design direct torsional loads should be avoided wherever practicable. 

Three general types of deflection occur in a member of a “‘rigid”’ frame—it 
can be bent, twisted, or deformed longitudinally. A complete analysis of such 
a statically indeterminate structure would include the effects of these three 
types of deflection. Only in “hybrid’’ structures, or in structures of unusual 
proportions, does it become necessary to consider the effect on the analysis of the 
secondary interaction of two, or possibly all three, types of deflection. The 
effect on the design, or total deflection, may be another matter. The author 
has presented, in an orderly manner, the application of the Cross method of 
- moment distribution to the analysis of the combined bending and twisting 
problem. 

The writer wishes to point out certain variations which occur in extending 
the author’s method to beams of non-uniform cross-section, or to cases in which 
structural steel beams are used instead of reinforced concrete. It is first neces- 
sary to discuss the basic torsion constant, denoted by the symbol, T, in the 
paper. In 1855, Saint Venant presented the solution of the torsion of a prism of 
rectangular cross-section. In Fig. 7 the writer has shown the deviation of 
Equation (2) for the torsion constant from the solution of Saint Venant. It is 


Notr.—The paper by Paul Andersen, Assoc. M. Am. Soc. C. E., was published in Oc- 
tober, 1937, Proceedings. Discussion on this paper has appeared in Proceedings, as fol- 
lows: December, 1937, by Messrs. C. W. Deans, and L. B. Grinter. 


77 Instr. in Civ. Eng., Columbia Univ., New York, N. Y. 
10a Received by the Secretary December 1, 1937. 


4 See “The Relation of Analysis to Structural Design,” by Hard Cross, M. Am. So 
C. E., Transactions, Am. Soc. C. B., Vol. 101 (1986), p. 1931. 4 . 


2“ Torsion des Prismes,” by Saint-Venant, Paris, 1855. 
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seen that this formula is most nearly correct for the square section, and that an 
error of only 6% or less is introduced for ratios of long to short side as great as 4. 
If the ratio of the long to the short side is 1.6, or greater, as is the usual case for 
beams designed primarily for bending, another simple formula gives a closer 
approximation than Equation (2): 


bd b 
NC 0.08. 8) eset (16) 


The deviation of Equation (16) from the correct solution is also shown in 
Fig. 7. The greatest error is for the square section (about 12.3%) but it 
decreases rapidly to a negligible quantity as the ratio of side lengths increases. 
The writer introduces Equation (16) principally because it is in a form which is 
easily integrated for determining the torsional distribution factors for the 
important case of the haunched beam. The use of the exact solution is im- 
practical since it is in the form of a series and, although Equation (2) can be 
integrated, it yields a very complicated expression. 


= 2 eo eg a 

siamese 

ty Gel atm 

2 Sn ae ea 

Risen 
3.0 


1.0 2.0 


Percentage Deviation 


4.0 
Ratio, 4 


Fic. 7.—DEVIATION OF APPROXIMATE FORMULAS FOR TORSION 
FactoR OF RECTANGULAR SECTION FROM Exact SOLUTION 


If a torsional moment is applied at any point of a straight beam, the author 
in Equations (3a) and (30), has shown that the distribution to each end will 
be inversely proportional to the length of the segment. Such will not be the 
case for a beam haunched at one or both ends, and this case Will now be studied 
for the straight haunch. The additional notation required is given in Fig. 8, 
in which d; = least depth of haunch; d, = depth at wall; and, /qz = length of 
haunch. The angle of twist caused by a constant torsional moment, M, in 
an elemental length of haunched section is given by, 


For the total length of the haunched element, therefore, the total angular twist 
equals, 


\ 
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Assume that the breadth, b, is constant and that the torsion factor, 7, at any 
point in the haunch is given by Equation (16). The depth, d, of the haunch 


at any point will be: 
d= 4+(SE")s PERE SLs a (19) 
H 


in which z is the distance from the shallow end of the haunch. Making this 
substitution in Equations (16) and (18) the integration gives, for the average 
twist per unit length: 
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Designating by 7a the effective or average torsion constant over the length of 
the haunch, 
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The total angular twist 


between any point on 
the uniform section of a 
haunched beam and the 
end will be: 


in which L,, and 7, are the 
Fig. 8.—Torsion Factor ror Hauncu length and torsion factors 

. for the uniform segment. 
The torsional stiffness for the combined segment will be, 
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and the torsional moment will be distributed to either end in proportion to the 
torsional stiffness of that particular segment. 

The application to an actual case will now be illustrated. Assume a concrete 
beam 12 in. wide and 20 ft long unsymmetrically haunched as shown in Fig. 9, 


Torsional Moment Applied Here 


with a torsional moment, M, applied 5 ft from the left end. For the haunch 


d 18 dy 36 
at the left end: — = Pay ae 


letogey = 2.0; and (see Equation (22)), Ty 
= (0.985) (18)4 = 10 330 in.* Similarly, for the right haunch, Ty = 7 660 in.! 
? : 18 X 123 0.63 X 12 
For the uniform section, by Equation (16), T, = pose. Te (1 — a ) 
= 6010in. Substituting in Equation (24), the torsional stiffnesses of the two 
HL 
parts of the beam are obtained: At the left, K, = aaa Oak 150.8; and 
: 10 330 uu 6 010 
1 
144 36 
6010 7 660 
distribution factors to give the fixed-end torsional moments, M,, at the left and 


150.8 
at the right ends: At the left end M; = 150.8 + 348 M = 0.812 M; and at the 
34.8 


THOSE DE Bias oe instead of 0.75 and 0.25 for a beam 
150.8 + 348! 0.188 M, instead o an bs 


of uniform cross-section. hy 
The torsional stiffness of the entire beam may be obtained by similar 
computations or directly from K,; and Kp as follows: 


KiKr _ 150.8 X 34.8 
Ki+Kr 1508+ 348 


at the right, Kr = = 34.8. From these values are obtained the 


right end, My = 


K = = 28.3 


The torsional carry-over factor will always be 1 regardless of haunches, but 
the bending-moment carry-over and distribution factors will need to be com- 
puted by use of the column analogy, from the generalized slope deflection equa- 
tions, or by reference to previously published diagrams. The analysis then 
proceeds in a manner analogous to that of the author. 

In analyzing similar structures in which the members are steel I-beams 
instead of concrete, another factor affects the torsional distribution constants 
appreciably. ‘The usual torsion factor is calculated on the assumptions that 
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end sections are free to warp. If the end sections are restrained from warping, 
there is a localized increase in torsional stiffness. This increase is insignificant 
in the case of a rectangular section, but in the case of the I-beam the prevention 
of the warping of the section at a fixed end has a considerable effect. P. W. 
Werner, Assoc. M. Am. Soe. C. E., has discussed" the general problem of a steel 
beam fixed at each end and subjected to a twisting moment at any point, which 
gives, directly, the torsional distribution factors for such a case. 

Since these formulas are developed elsewhere, and require considerable 
routine calculations, only the results of an actual case will be given here. 
Assume an 8 by 8-in. wide-flanged beam at 67 lb per ft, 16 ft long, fixed at each 
end, with torsional moment, M, applied at the quarter-point. It is found that 
the distribution to the shorter segment is 0.818 M and to the longer segment, 
0.182 M. -The net effect, therefore, is similar to the haunching of a concrete 
beam, although for an entirely different reason. 

The writer has discussed two cases in which the torsional distribution factors 
cannot be treated as simply as in the case of the rectangular beam of uniform 
cross-section which was used in the author’s example. In some cases, the 
resulting variations will be negligible, but in other instances they will appreci- 
ably affect the analysis. 


Dean Perazpopy, Jr.,1® M. Am. Soc. C. E. (by letter).145*—This paper 
marks a distinct advance into one of the unexplored areas of reinforced 
concrete design. The discussion of torsional stiffness and the distribution 
of the torsional moment in a space frame is of value to the designer. 

For the stress analysis at a given section the author makes torsional com- 
putations independent of bending computations for fiber stress, shear stress, 
or diagonal tension. His design equation for the square section is based 
on the same line of reasoning used for diagonal tension computations and 
thus makes for consistent design. Equation (13) gives the useful result, 


A } ; ; 
vm which enables one to choose the spiral reinforcement immediately. 


For a square section the maximum shear stresses occur at the center of 
each face. The illustrative computations for the problem of Fig. 3 apply 
to Particle A of a square section (Fig. 10), and the torsion reinforcement 
should be supplied at Point A for this section. At Particle C on the op- 
posite side the shear stress, vg, due to the vertical shear force, V, and the 
torsional shear stress, vr, due to the torsion couple, M7, are opposite in 
direction. For the beam of Fig. 3 the net shear stress at Point C equals 
3 lb per sq in. (upward). Therefore, at Point C, no diagonal tension or 
torsion steel is needed but it is impractical, of course, for the steel to be 
omitted at C and supplied at A. Particle D has the same stress, v7, as at 
A and Fig. 3 shows that an equal or greater percentage of spiral steel is 
supplied. Due to the slope of the spirals less torsion reinforcement may be 


38“ Structural Beams in Torsion,” by Inge Lyse, M. Am. Soc. 
Johnston, Jun. Am. Soc. C. H. Transactions, Am. Soc. C. E., Vol. “for (1986) 9. SOT ae 


14 Toc, cit., p. 912. 
#% Assoc. Prof. of Structural Design, Mass. Inst. Tech., Cambridge, Mass. 
isa Received by the Secretary December 8, 1937. 
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supplied at Particle B than at Particle A but, since there is no shear 
stress, vp, the full allowable shear stress of 90 lb per sq in. is permissible, 
although the spiral steel at A was computed for an allowable stress of 46 
Ib per sq in. The reduced number of spirals at B will be safe, except at 
sections where the shear force, V, is 
small. Maximum torsion usually occurs 
near the support where the shear forces 
are large. It would appear, then, that 
the torsional design for square sections 
is usually adequate when only the par- 
ticle with maximum total shear stress 
is considered. 

No recommendation has been made 
for the allowable shear stresses, but the 
writer assumes that the customary val- 
ues for diagonal tension will be used 
for the total allowable shear stress at 
Particle A. 

The author apparently uses hoops or Fie. 10 
ties for the spiral steel. It is difficult 
to wire inclined hoops securely, and the writer believes the added cost of 
welding these hoops to the longitudinal steel is justified. 

Square cross-sections will undoubtedly be chosen for members with large 
torsional moments, as the author states, but many wall beams and spandrel 
girders of rectangular shape are subjected to torsional moments. Still more 
are poured integrally with the slab and the design section is angle or tee- 
shaped. An authoritative discussion of the design of such sections must 
wait a comprehensive program of tests and inspection of existing struc- 
tures.152 


15> Correction for Transactions: In Table 1(a), change the fixed-end moments to 
667 and — 337 instead of 167 and — 88, respectively. 
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SOLUTION OF TRANSMISSION PROBLEMS 
OF A WATER SYSTEM 


Discussion 


By Messrs. LYNN PERRY, CHARLES M. MOWER, JR., 
AND THOMAS R. CAMP 


Lynn Prrry,® M. Am. Soc. C. E. (by letter).*—The thorough manner in 
which the author has presented this subject certainly should be appreciated 
by the membership of this Society. For many years, the writer has solved 
problems of the nature herein presented by the time-worn analytic method. 
On many occasions, during this time, he has urged graphic methods for the 
solution of various types of problems. Such methods eliminate many errors, 
save time, and give a result sufficiently accurate for all practical purposes. 

It appears that the upper parts of Figs. 2 and 3 show curves of parabolic 
form on rectilinear cross-section paper. If so, these curves would be straight 
lines when plotted on logarithmic cross-section paper and it seems as if some 
advantage might be gained from its use. 


Frequently an old municipality having an inadequate water supply enlarges. 


its supply by acquiring another, more abundant, at a higher elevation, and 
from an entirely new direction and source. A larger water main is likely to 
be installed, leading the new supply to the existing distributing system, some- 
times under the direction of an engineer. In most such cases that have been 
brought to the writer’s attention, the new line supplies the ordinary demand and 
overflows into the old intake. Only at periods of excessive demand is the old 
supply likely to be drawn down into the distributing system. 


Cuartes M. Mownr,‘ Jr., M. Am. Soc. C. E. (by letter).°—The graphical 
approach to the problems of flow and loss of head in the elements of transmission 


and distribution systems is a method of analysis readily adaptable to a variety. 
IE SEE I EE TERIA LEE DAE SDS DENI LPS Ege 
Notr.—The paper by Ellwood H. Aldrich, M. Am. Soe. C. E., was published in Oc- 


tober, 1937, Proceedings. This discussion is printed in Proceedings in order that the 
views expressed may be brought before all members for further discussion of the paper. 
5 Asst. Prof., Hydr. and San. Eng., Lafayette Coll., Easton, Pa. 
5a Received by the Secretary November 4, 1937. 
® Asst. Engr., The Pitometer Co., New York, N. Y. 
6a Received by the Secretary November 16, 1937. 
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of problems. Mr. Aldrich has shown how the fundamental Freeman curves 
may be expanded to cope with the more complicated problems in water distri- 
bution which have too often been solved by guess. 

With this, as with other office methods, however, there is the danger that 
the mathematical accuracy of the theory may hide inaccuracies in fundamental 
assumptions. Coefficients of carrying capacity, rates of flow, and rates of 
consumption, are often assumed, and the behavior of a pipe system is then 
analyzed by a flawless process of reasoning. However, the end result is in 
error because quantities that could, and should, be measured in the field were 
assumed. 

Although one of the most usual assumptions is that C = 100 in the Williams- 
Hazen formula, a few loss-of-head tests on representative mains in a distribution 
system will show how far this assumption may be from the truth. Similarly, 
assumptions of flow, take-offs, or consumption may be too far from the truth 
to be of value, because these quantities are influenced by too many unknown 
factors. It is essential, therefore, to make actual field measurements instead 
of assumptions if the design of additions to a distribution system is to have a 
sound foundation. 

The graphical method so clearly presented by Mr. Aldrich is of great value 
in determining how new mains and new storage facilities will affect a distribu- 
tion or transmission system; but the analysis of flows and carrying capacities in 
the existing system should first be made by instrumental methods. 


Tuomas R. Camp,’ M. Am. Soc. C. E. (by letter).”*—The adaptation of 
the graphical method of determining “equivalent pipes’? to the solution 
of flow-distribution problems in complex networks, as presented in this paper, 
is not new. W. E. Howland,® Assoc. M. Am. Soc. C. E., has demonstrated 
that the Freeman method may be used for cross-overs and for simple networks 
similar to those in Fig. 6. The author seems to be the first, however, to demon- 
strate that accurate solutions may be obtained by this method for somewhat 
complicated water-distribution systems. 

Three methods have now been shown to be practical for the analysis of 
flow in networks of a similar order of complexity to that of the network shown 
in Fig. 7. These methods are as follows: 


(1) The “electric network analyzer’ method’; 
(2) The Hardy Cross method"; and, 
(3) The Freeman graphical method. 


It should be pointed out that all these methods are “trial-and-error” methods 


T Associate Prof. of San. Eng., Mass. Inst. Tech., Cambridge, Mass. 

Ta Received by the Secretary November 23, 1937. 

8“Hxpansion of the Freeman Method for the Solution of Pipe Flow Problems,” by 
W. E. Howland, Journal, New England Water Works Assoc.,. December, 1934, p. 408. 

® “Hydraulic Analysis of Water Distribution Systems by Means of an Hlectric Network 
Analyzer,” by Thomas R. Camp, M. Am. Soc. C. E., and H. L. Hazen, Journal, New 
Hngland Water Works Assoc., December, 1934, p. 383. 

10 “Analysis of Flow in Networks of Conduits or Conductors,” by Hardy Cross, M. 
Am. Soc. C. B., Bulletin No. 286, Univ. of Illinois Eng. Experiment Station, November 13, 

36. 


208 CAMP ON TRANSMISSION PROBLEMS OF A WATER SYSTEM Discussions 


of solving a large number of simultaneous equations. These equations are of 
three types, arising from three laws which may be stated as follows: (a) The 
algebraic sum of the rates of discharge toward any junction point is zero; 
(b) the algebraic sum of the head losses around any closed circuit is zero; and 
(c) for any pipe or system of pipes the head loss is directly proportional to 
some power of the discharge. The number of equations involved is so great 
that their direct solution algebraically is impracticable, even for simple net- 
works. For example, in the single cross-over net of Fig. 5(6), eleven simul- 
taneous equations are involved, five of which are exponential and the remainder 
linear. 

Methods (1) and (2) may be classified as “‘controlled’’ methods; that is, 
the errors produced by successive trials become smaller. The Freeman method 
(Method (3)), however, appears not to be controlled. The solution is obtained 
by “juggling” the position of the curves that represent the elements in the 
system. ‘The writer is at a loss to understand how one is to know in which 
direction to shift a curve when a large number of curves are involved. In the 
simple net of Fig. 6, consisting of two bays in each direction, four sets of curves 
must be adjusted. The distribution system represented by Fig. 7, although 
it involves a large number of elements, is less difficult to solve by the graphical 
method than the net of Fig. 6, because no stage of the solution of this system 
involves nets of more than one cross-over. It appears to the writer that a 
grid system consisting of numerous bays in each direction would not yield to 
solution by the graphical method except by chance. 

In Methods (2) and (3), the process consists of assuming a division of the 
flow at junctions and computing the corresponding head losses (or, conversely, 
of assuming the head losses and computing the corresponding flows). If the 
corresponding head losses do not conform to Law (6), an adjustment in the 
assumed flows is made and the process is repeated until the heads do conform 
reasonably well with this “head-loss summation” law. In Method (1), both 
Laws (a) and (b) are taken care of automatically. Since Ohm’s electrical 
resistance law is not analogous to the hydraulic resistance law, adjustments 
must be made in the resistors representing the elements until the head-discharge 
(that is, voltage-current) relation conforms to Law (c). The number of 
corrections or adjustments required by both Method (1) and Method (2) will 
seldom exceed three. In both methods, with each adjustment, the errors in 
the assumed flows converge toward zero for nearly all the elements in a system. 
In the graphical method (3), one shift in the position of all the curves corre- 
sponds with one adjustment in the other two methods. A shift in the position 
of the curves, of course, is much more readily accomplished than is an adjust- 
ment by the other two methods; but a great many more than three shifts may 
be necessary and there appears to be no means of knowing that the shifts are 
being made in the right direction for a solution. 

In comparing the three methods, the water-works engineer is interested in 
the relative lengths of time and amounts of equipment required. In the electric 
analyzer method, each element is represented by a resistance box. In pre- 
paring to solve a problem, the resistors must be connected to one another in a 
pattern similar to the water distribution system. ‘Put-ins” and “take-outs” 
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are represented by leads from and to a battery or other source of electricity. 
Flow is represented by electric current and head loss by voltage drop. Hence, 
a scale ratio must be selected for conversion between the electric and hydraulic 
systems, and the proper range of resistance estimated for each element before 
the actual solution of a problem can be started. This preliminary work in 
Method (1) corresponds with the preparation of the curves representing the 
elements in Method (3). The analogous work in Method (2) consists only of 
computing a constant for each element which represents the relation of flow to 
lost head, all of which may be done on a slide-rule. 

The solution of a problem by the electric analyzer method (1) consists of 
reading voltage and current for each element, and of adjusting the resistance so 
that the head (voltage) bears the proper relation with discharge (current). 
The readings and adjustments are quickly made. A solution by the Hardy 
Cross method (2) consists of assuming a division of flow at each junction, 
computing the corresponding heads, and then correcting the flows by an amount 
computed from the observed error in the heads. No equipment other than a 
slide-rule is necessary. 

The time required to set up the electric analyzer for the problem represented 
by Fig. 7 was about 10 hr, and about 8 hr was required for the solution. The 
same problem solved completely by Method (2) occupied the writer for about 
6hr. J.J. Doland," M. Am. Soc. C. E., states that in his solution of the same 
problem by the Hardy Cross method (2) only about 4 hr was required. It 
will be helpful if the author would give an estimate of the time required to 
solve this problem by the graphical method (38). 


11 Hngineering News-Record, October 1, 1936, p. 475. 
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MULTIPLE-STAGE SEWAGE 
SLUDGE DIGESTION 


Discussion 


By EDWARD W. Moore, Esq. 


Epwarp W. Moors,” Esa. (by letter).!%—In that it not only treats of an 
interesting development in the technique of sludge digestion, but also pioneers 
in the application of certain principles of physical chemistry to the study of 
the behavior of digesting sewage sludge, this paper appeals to the writer as a 
particularly valuable contribution to the literature of sludge digestion. The 
value of the concepts and methods of physical chemistry to the practising 
engineer is as yet recognized too infrequently. 

Another physio-chemical concept which yields fruitful results when applied 
to the decomposition of organic matter both under aerobic and anaerobic 
conditions is that of reaction velocity. The course of the decomposition of 
organic matter under both aerobic and anaerobic conditions can be formulated 
approximately as a uni-molecular reaction, the rate of which is given by a 
constant, k, known as the reaction velocity constant. For aerobic decom- 
position at 20° C, & has a value of 0.1, as shown by the work of Professor Earl 
B. Phelps, Victor L. Streeter, Jun. Am. Soc. C. E., E. J. Theriault, and others. 
The writer, in collaboration with G. M. Fair, M. Am, Soc. C. E., has been 
engaged in collecting data from which the value of k for anaerobic decomposi- 
tion at various temperatures may be computed. For 85° F the value of k 
obtained from the data thus far collected, is 0.066 for digestion of sludge 
seeded with material previously digested at this temperature. From the 
bottle experiments made by the authors, the ultimate total gas production 
of the Los Angeles sludge may be assumed to be about 625 cu cm per gram 
of volatile matter, and the volume produced (say, in 10 days’ detention time) 
is 485 cu cm. From these data and assumptions a value of k = 0.065 is 
indicated. 

Soe) G.iand Bichard. Lomctoy. Heqr wba precsscod-an the meee ae nte ae ee 
gineering Division, New York, N. Y., January 16, 1936, and published in November, 1937, 


Proceedings. This discussion is printed in Proceedings in order that the views e SS 
may be brought before all members for further discussion of the paper, ere, 
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___ It is of interest to the writer to note that, in sludge digestion studies, two 
questions perpetually recur, namely, the Raatidnekip between the weight of 
the gas produced and the weight of the volatile matter destroyed, and the 
evolution or absorption of heat by the reactions of digestion. The authors 
find that the weight of the gas produced is 7% more than the weight of the 
volatile matter destroyed, despite the fact that their total gas production per 
unit of volatile matter added to the tanks is very low (485 cu cm per gram of 
volatile matter added). The work of A. M. Buswell and his associates,!* and 
that of Professor Fair, and the writer! has indicated that the weight of the 
gas may exceed the weight of the volatile matter destroyed by as much as 
28 per cent. This increase in the weight of the decomposition products over 
the weight of the original material is explained by Buswell as due to the fact 
that water enters into the reactions by which the gas is formed. Willem 
Rudolfs, M. Am. Soc. C. E., has held that the weight of the gas does not 
exceed that of the volatile inatter destroyed. 

Sludge digestion consists of a complex of reactions, some of which are 
exothermic (heat-evolving) and others endothermic (heat-absorbing). The 
over-all heat effect (that is, the actually observed heat absorption or evolution 
during the course of digestion) is the sum of the effects of the individual 
reactions. The work of Messrs. Keefer and Kratz showing the over-all process 
to be endothermic was based on a few experiments in which gas production 
per unit of volatile matter was relatively high. Prior work by Professor Fair, 
and the writer had indicated on theoretical grounds that since the endothermic 
reactions of the digestion process were concerned with dissolution and evolution 
of the gas, the over-all process would be expected to be endothermic when 
gas production per unit of volatile matter added was high, and exothermic 
when it was low. The results reported in the paper would be expected to 
be exothermic rather than endothermic on account of the low gas yield. 

Despite the layer of lime scale formed on the heating pipes of the digestion 
tank, the value of the coefficient of heat transfer from water to sludge is about 
13 Btu per hr, per sq ft of pipe surface per degree of temperature differential, 
which is as good as most values reported in practice. It would be of interest 
to know the average temperature of the hot water entering the coils, since this 
is believed to control the degree of incrustation of the pipes. It would also 
be interesting to calculate the heat transfer coefficient from the tank to its 
surroundings from the data following Table 7 and the surface area of the tank, 
since the matter of the rate of heat loss from digestion tanks still requires 
considerable study. 

Some sludge digestion studies have indicated the presence of hydrogen and 
carbon monoxide in the gas produced. No dependable evidence of the presence 
of these gases in significant quantities has been obtained in the Harvard 
University laboratories, although hundreds of analyses have been made. The 
very delicate methods used by the authors show only traces of these gases, 
and, as the authors state, do not definitely establish their presence. tins 


18 Sewage Works Journal, No. 4, p. 454 (1982). 
14 Loc. cit., No. 4, p. 756 (1932). 
15 Loc, cit., No. 4, p. 444 (1932). 
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possible that much of the hydrogen and carbon monoxide reported in sludge 
digestion studies is due to errors in the determination of methane by com- 
bustion. The determinations of hydrogen sulfide are of practical as well 
as theoretical interest, since the corrosiveness of the combustion products of 
the gas is determined largely by the quantity of hydrogen sulfide it contains. 
The writer believes that some of the sulfur present in the gas evolved from 
digesting sewage sludge is present in the form of organic homologues of hydro- 


va 


gen sulfide, particularly in the case of thermophilic digestion. Some of the ~ 


foul odors carried by these gases cannot be accounted for by the presence of 
such small percentages of hydrogen sulfide. 

The fact that none of the nitrogen contained in the digesting sludge appears 
in the gas as elemental nitrogen is confirmed also by the results of the Harvard 
studies on sludge digestion. This conclusion, however, cannot be extended 
to the decomposition of other organic deposits, such as those found on the 
bottoms of lakes and streams. Studies of the decomposition of such deposits 
by Allgeier, Peterson, Juday, and Birge!* and by Professor Fair and the writer,” 
indicate the production of substantial quantities of nitrogen gas. Since these 
deposits are similar to partly digested sludges, the radical difference in the 
behavior of the two materials has not as yet been explained. 

In Table 9, the analyses of the sludge liquor for phosphate and sulfate 
appear to be confused, and the text associated with the table refers to the 
second test period as being both in October and September. The disappear- 
ance of phosphate from the sludge liquor during the second test period might 
possibly be accounted for by absorption of the phosphate by organisms carried 
down with the solid matter of the sludge. Bio-chemists often use the decrease 
in soluble phosphate as a measure of the growth of organisms in a medium. 


(1981. eB sy tebed Revue der Gesamten Hydrobiologie und Hydrographie, Vol. 26, p. 444 
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PRACTICAL APPLICATION OF SOIL MECHANICS 
A SYMPOSIUM 


Discussion 


By Messrs. RICHARDS M. STROHL, WILLIAM P. CREAGER, 
JACOB FELD, AND Y. L. CHANG 


RicHarps M. Strout, M. Am. Soc. C. E. (by letter) .*’—The application 
of soil mechanics to levee design, as described by Mr. Buchanan, is thoroughly 
helpful to those interested in levee problems. 

In discussing the importance of seepage through the levee, reference is 
made to Fig. 10, in which the path of percolation is 29? + 217? X 30.48 
= 6675 cm long. The time required for water to seep this distance at the 
rate, K = 5 X 108 cm per sec, will be 15 450 days. As Mr. Buchanan states 
that the maximum high-water stages do not extend over a period of more than 
20 days, it would appear that seepage could not be developed through such a 
levee during any flood of record. 


Riverside 


K=0:5x105* 


Natural Blanket K=0.5x10"* 
K=1000x10~* 
; f See or eri Path of Percolation=L~y 
K=15x10"* 
Fic. 61 


Necessity for constructing a levee on a foundation similar to that shown in 
Fig. 61 frequently arises. Water from the river side readily finds access to the 
pervious substratum. The quantity of percolation is found approximately by 


Notry.—This Symposium was presented at the meeting of the Soils Mechanics eae 
Foundations Division, at Boston, Mass., October 7, 1937, and published in September, 19 , 
Proceedings. Discussion on this Symposium has appeared in Proceedings, as Sa 
September, 1937, by the members of the Committee of the Society on Harths and Foun a 
tions; November, 1937, by Messrs. S. C. Hollister, T. T. Knappen, and L. F. Harza; an 
December, 1937, by Edward Adams Richardson, Hsq. 

%8 Wngr., U. S. Engr. Office, Memphis, Tenn. 
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means of Professor Terzaghi’s expression™: | 
met a ae ee (17a) 
0.88 + iF 
which is the equivalent of Darcy’s formula (published in Paris, 1858): 
go Kai- Kame) jas 2 eee (170) 


The height to which water would rise above the pervious stratum on the land 
side for conditions of free flow is, 


hL 


he = In — ORR G4 fe) ag elie Werte ce BMie RSE So! bee 


whereas, for static conditions, the uplift on the natural blanket is practically 
equal to h;. Where it is possible to permit nominal flooding on the land side 
of the levee, the flow of water upward through the blanket can be controlled. 
By permitting discharge on the surface of the blanket, h2 becomes equal to ¢, 
and the flow at the ground surface becomes, 


per linear foot of the levee. This quantity will be rather small, and it appears 
more practical to control this flow than to try to prevent it. 

The width, w, of the blanket on the river side of the levee is of importance 
in reducing percolation under the levee, Q being inversely proportional to L. 
It is the practice in levee building to secure the embankment material from 
borrow-pits in front of the levee, leaving a berm with a minimum width of 
40 ft. Where the depth of the borrow-pit materially reduces the thickness, t, 
of the material blanket, it appears worth while to increase the berm width. 


Witu1aM P. Creacer,® M. Am. Soc. C. E. (by letter).*°*—The theories of 
soil mechanics, as applied to the design of dams, are frequently quite complex. 
Mr. Buchanan has made an excellent summary of the fundamental principles 
involved; but, on account of the limitations in space for a paper of this kind, 
he has not been able to do more than give a hint of some of the extent of the 
procedures necessary for many cases. The only criticism which the writer 
can give regarding this paper is the lack of indication that, in some instances, 
the procedure involved is not as simple and direct as shown by the examples 
given. As examples of lack of simplicity in designs the writer gives two cases 
as follows: 


(1) The design of the slopes of any dam is not complete without the inclusion 
of seepage forces. This has been mentioned only briefly in this paper, and the 
SE CAC ARE SA YMA ESTES ERT ORE SE LOR Ee 


54 Unpublished analysis of seepage, by Charles Terzaghi, M. Am. Soc. C. B. 
55 Cons. Hngr., Buffalo, N. Y. 
ssa Received by the Secretary November 10 and 29, 1987. 
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impression has been given that the consideration of such forces must wait on 
“further research.” A number of excellent papers, involving the consideration 
of such forces, were presented at the Second Congress on Large Dams held in 
Washington, D. C., in 1936. Mr. Buchanan’s example is lacking in respect to 
this force. 

(2) The stability of the foundations, as used in the example (see heading, 
“The Design of a Levee Unit’’), is correct without modification, on the assump- 
tion that the foundation drains quickly. If, due to insufficient drainage time, 
the foundation is not completely consolidated: some of the weight is carried by 
the water in the foundation and part of the ultimate frictional resistance to 
shear is lacking. Therefore, the measured shearing strength as given by 
Item (c) of the example should be determined experimentally on the basis of 
the correct amount of partial consolidation when the dam is first completed. 


Attention is also called to the following comments on the paper by Mr. 
Hough, regarding the necessary modification to foundation stability equations 
due to this condition. 

Mr. Hough has presented an excellent paper which, among other interesting 
items, describes a proposed method of construction that is unique in the annals 
of dams. He has mentioned one limitation to photo-elastic model studies. 
The writer would like to mention another limitation. 

In the case of a saturated foundation which has consolidated only partly 
during the construction of the dam, a part of the weight of the dam is carried 
by a direct loading of the soil of the foundation and the remainder is carried by 
the hydrostatic pressure of the pore water in the foundation. The hydrostatic 
pressure in the foundation, which is.built up by, and equals, that part of the 
loading carried by the water in the foundation, acts in all directions, of course, 
and forces the surplus water to drain off in all directions with velocities pro- 
portional to the lengths of the various paths of percolation to the nearest 
point of relief. 

Fig. 62(a) represents a pervious sand dam resting on a layer of silty clay 
which, in turn, is underlaid by pervious sand. The water in the silty clay 
layer drains almost directly upward and downward. Decrease the pervious- 
ness of the dam and the underlying sand layer, and some of the water in the 
silty clay layer begins to drain sidewise as well as upward and downward, as 
shown in Fig. 62(6). Should the dam and the underlying layer be absolutely 
impervious, all the drainage would be horizontal and diagonally upward to 
the valley bottom adjacent to the dam, as shown in Fig. 62(c). 

Fig. 62(d) is an actual case of a concrete dam resting on a deep, lightly 
consolidated shale bed. Between the dam and the shale is to be placed an 
impervious coating of asphaltum to prevent drying out and slaking of the shale 
during construction. The drainage is downward at the center and horizontal 
or inclined upward at the edges of the base. 

It will be noticed that, in all practical cases, some part of the drainage is 
horizontal and upward toward the sides of the foundation in the direction of 
failure if the foundation should prove weak. 
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The entire hydrostatic pressure in the foundation is balanced by the friction 
of the water in the direction of flow, the pressure decreasing to zero at the 


outlet of the seepage. Thus, the loading carried by the hydrostatic pressure is | 


transferred to the soil, not as a vertical loading which can be simulated by the 
photo-elastic method, but in an infinite number of directions which cannot be 


simulated by present methods. 
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Very obviously, a greater loading can be placed on a soil in a vertical 
downward direction than in a horizontal or diagonally upward direction, in 
the direction of failure. For this reason, the photo-elastic method and, 
incidentally, the commonly accepted theories and formulas are not applicable 
for the condition of partial consolidation of the foundation. Unfortunately, 
the writer does not have at present a solution for this special case. He presents 
it for the purpose of stimulating interest in the problem and as a thought to be 
considered in the interpretation of usual methods. 


Jacos Freup,*® M. Am. Soc. C. E. (by letter).*—Seldom in engineering 
work is there an opportunity for full-scale research such as is available to the 
U. S. Waterways Experiment Station. Results cannot be expected imme- 
diately, but only from a continuous study over many years. The main 
problems are the determination of settlement and seepage, using variations 
of material combinations, not only at the end of and during construction opera- 
tions, but the effect of age, receding flood levels, precipitation intensities, and 
unusually high and low temperatures. The problems are not simple, yet 
because of the fairly limited number of soils available for use, solutions covering 
a considerable range of time and weather conditions can be expected from a 
program of not more than 10 yr. 

It would be sound engineering as well as sound economics to design and 
contract for a series of test sections, using controlled soil mixtures and con- 
eee eee 


56 Cons. Engr., New York, N. Y. 
5ca Received by the Secretary November 29, 1937. 
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struction methods. In such a test group, attempts should be made to study 
the use of colloidal material from the river bottom as a temporary surface 
seal, to give added resistance to seepage until such time as the settlement of 
the fill reduces the seepage rate through the full section. 

Systematic laboratory research can be of great aid in lessening the cost of 
full-scale tests. As far as seepage is concerned, such work as that of B. A. 
Bakhmeteff, M. Am. Soc. C. E., and N. V. Feodoroff* gives a clear picture of 
the problem as well as a mathematical solution of a number of conditions 
encountered in levee and dam design. 

Little has been learned of the impervious region at the contact zone between 
layers of different grain size and shape. The contact lens or skin is denser, 
less pervious, and of greater bearing value than either of the adjacent materials. 
Such zones are often found in river beds, just below the shifting layer of 
sediment. Below this may be much more pervious strata. Cutting through 
this zone, whether on the land side or on the river side of a levee, in a borrow- 
pit, exposes the subsoil under the levee to excessive pressure. If the borrow- 
pit is on the land side, the added weight of the levee and the opening of the 
porous strata permit a ready squeezing out of the subsoil moisture with con- 
sequent rapid settlement and slumping of the fill. If the borrow-pit is on the 
river side, high water causes a sudden increase in upward pressure, which cannot 
be dissipated because of the impervious continuous layer on the land side. 

In the example of design which Mr. Buchanan illustrates by Figs. 8, 9, 10, 
and Table 8, the assumption of a cylindrical surface of rupture starting at the 
top of the slope is not necessarily the true failure picture. More often, failure 
occurs by slippage of a dome section, with a vertical surface intersecting the 
original slope. In the design of the foundations, the assumption is made that 
the added weight is distributed uniformly, no allowance being made for the 
lateral flow of the subsoil.. As has been proved by experiments, the maximum 
added pressure is not under the highest point of the fill. Item (e), (see heading, 
“Foundations’’) giving the necessary base width (348 ft), assumes that a 
uniform added base pressure results from the levee load over the entire width 
of the base, that there is no lateral distribution of loading below the base of 
the levee, and that the strength of the foundation material is not affected by 
the loading above. None of these assumptions is true. Uniform added base 
pressure would result only from a uniform depth of fill, unlimited in all direc- 
tions. There would be no lateral distribution of loading below the base of the 
levee only if the material had a zero internal friction coefficient. The strength 
of the foundation material is affected by the superimposed loading because of 
the added internal resistance resulting from the confinement by such loading. 

It is unfortunate that the sudden decision to abandon the Passamaquoddy 
Project ended the study of foundations for rock-fill dams, as reported by Mr. 
Hough. The report of the work done is of value for future studies, but the 
writer cannot agree that it has any value in regard to a solution of the founda- 
tion design for the proposed dams. The chief reason is that the later effect 
of the impervious blanket, a much greater weight than the rock-fill section, 
was not considered. Allowing the foundation material to re-adjust itself 


31 Journal of Applied Mechanics, Vol. 4, September, 1937, pp. A97—100. 
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and build up resistance to support the rock-fill and then hope that the later 
addition of about 80 to 100 ft of impervious blanket fill on one slope of the 
rock-fill could also be carried by the original adjustment, is somewhat opti- 
mistic. References to the work of Carlo Barberis,® at Spezia, Italy, as well 
as to similar works® in Valparaiso, Chile, and also by Sakamoto and Takanishi® 
in Kobe, Japan, would certainly have been of assistance. In the foregoing 
three references, similar dams and wharves have been described built on mud 
or soft clay foundations by the aid of a ‘floating foundation” of fine sand 
pumped into place. The combination of mud and sand has proved a proper, 
safe, and economical solution of the problem studied by Mr. Hough. It may 
be of interest to mention that, in 1928, while making some studies for private 
finance groups for this same project, the writer made some designs and esti- 
mates for the dams required in connection with the Passamaquoddy Tidal 
Power Project, based on the work mentioned in the foregoing references. The 
results were much more economical than the sections illustrated by Mr. Hough. 

From time to time, reports of, and papers sponsored by, the Committee 
of the Society on Earths and Foundations have appeared in Proceedings." 
Except for this Symposium, the reports were optimistically heralding the 
advent of a new era in foundation engineering and the birth of a new soil 
science. The humility of approach in the 1937 reports, as so well exemplified 
by the paper by Professor Terzaghi, is refreshing; and it is well that the change 
of attitude has taken place. Too many practical and practising engineers 
were attempting to apply the published material to their work; and they were 
finding it of little help. 

If the paper by Professor Terzaghi is to be taken as a criterion, the subject 
is in a new phase. Theoretical and laboratory investigations are relegated 
to second position; field investigations of completed structures must now be 
stressed so as to collect the necessary facts from which reliable theory may be 
deduced. This is opposite to the previously announced inductive theories 
- which prophesied facts, such as settlements of unbuilt structures, and which 
too often required continuous adjustments to meet new data. 

In order to be of value, complete descriptions of the structures must be 
presented with settlement readings. In this respect, the paper by Professor 
Terzaghi is somewhat remiss. For instance, in the example described with 
Fig. 45, the length, size, and spacing of the piles are not given. One is inclined 
to wonder why piles were used in that design. In Fig. 47(b), there appears 
to be a definite discontinuity in all settlement contours at the center division 
wall. An error in the H; reading seems to be one explanation of the impossible 
condition shown. 

In Fig. 48, the maximum settlement is a trifle more than 2 in. For the 
broken up design, with piles of unknown and varying lengths, such a value is 
not unexpected. 

' ° XVI International Cong. of Navigation, 1935. 
° Bulletin, Navigation Congresses, January, 1927, p. 83. 
° XIV International Congress of Navigation, 1926. 


141 Progress Rept. of Special Committee on Earth aF 
Soe, C. H May, 1988, p. 758, Ss an oundations, Proceedings, Am. 
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In Table 6, it should be carefully noted that all the soils listed, except that 


_ for Building H, are not the usual materials on which spread footings are placed. 


This fact explains the great variations in settlements for points on the same 
structure. Buildings founded on sand or clay mixtures with loam, with base 
pressures between 2 and 2.5 tons per sq ft, should show some peculiar settle- 
ments. 

The writer agrees that no reasonable soil examination can show all the 
variations in soil structure for a complete foundation design. Where soil con- 
ditions are uniform, expected settlements are easily guessed. Where soil 
conditions are not uniform, it is necessary to design the footings as the sub- 
grades are exposed by excavation. In one large structure, north of Chicago, 
Ill., borings indicated that at least three different clays would be encountered 
at the expected base of the footings. After a careful study of all the clays 
encountered in that vicinity, and comparable loading tests in pits dug into the 
three different clays (differentiated by their colors), load-bearing values were 
determined to give equal settlements. The lack of time prevented load-test 
studies extending over more than a few weeks. Design tables were prepared 
for the three assumed load values for the complete range of column loads. All 
footings could be made symmetrical spread footings for single column loads, 
which simplified the problem. As each footing pit was dug to sub-grade, 
inspection was immediately made, the color determined, and design require- 
ments chosen from the tables. No unusual or unequal settlements have been 
noticed. 

Much foundation trouble arises from a common error of placing a structure 
on the side of a slope, exposed to seepage or drainage effects and lateral move- 
ments. The error is evident when the structure is placed on a sloping surface, 
such as the side of a ravine or river bed. If the gap is filled with rubbish, 
ashes, or the usual municipal rubbish fill, the error is not visible, but still 
exists. In many cases, the fill makes the matter worse, because its consolida- 
tion causes a lateral flow which further tends to tip or slide the building 
foundation piers or walls. 


Y. L. Cuane,* Esa. (by letter).6'’—Engineers in China who are confronted 
with a similar, but more complex, problem when building regulating dikes on 
the Yellow River, will be much interested in the paper by Mr. Buchanan. 
Because of traditional methods of construction and the limited financial support 
given to such large engineering projects, all dikes along the channel of the 
river could be built and maintained only by using earth of uniform quality 
at the site. About one-fourth of the total area of the Yellow River basin 
consists of loess which is a very fine calcareous loam composed of an admixture 
of minute but considerably flaky particles of quartz and clay. This material 
is mostly an impermeable soil. The loess has a porosity exceeding 45%, 
enabling it to hold considerable moisture, and the fineness of the openings 
facilitates capillary action. Such material cannot be approved for dike 
construction; and, hence, the problem is reduced to a question of how to 


61 Shanghai, China. 
61a Received by the Secretary October 8, 1987. 
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design the cross-section of the dike to obtain a degree of safety consistent 
with minimum cost. Mr. Buchanan certainly makes such an aim possible 
by a procedure so simple that every engineer can understand it. 

In the report of the Committee of Experts of the League of Nations,” 
five causes of the failure of the dikes on the Yellow River are given, the most 
important being substantially as follows: 

“A breach may be produced when the body of the dike is saturated with 
water, either by direct infiltration from the water face or by indirect infiltration 
through the more permeable layers at the base. The cohesive resistance of 
the earth is reduced, while at the same time hydraulic pressure, accompanied 
by seepage, occurs. Its effect is felt when the base of the inner side of the 
dike collapses. The dike itself is thus weakened, and a breach may result. 
This case arises especially when the high-water stage lasts a long time or 
when the dike is of inadequate construction or composition.” 


With this statement in-mind, one can be assured that a failure of such dikes 
is mainly attributed to the infiltration of water through the dike itself and 
through the foundation beneath. The writer wishes to discuss Mr. Buchanan’s 
paper as applied to conditions when the dike is subjected to infiltration through 
side slopes, and foundation, and as applied to the control of seepage. 


Saturation Curve 


Fic. 63 


Side Slopes.—Presumably, Equation (1), which expresses the factor of 
safety against sliding in terms of the shape of the dike and the frictional and 
cohesive forces of the material, is for a dry slope. For a dike subject to 
seepage, such as that shown in Fig. 63, Equation (1) can be written: 


n 
cl+ tang >> Al (wz — wy a) cosa 
Factor of safety = : (20) 


he ee a eG. Cer 
> Al (wz — Wy 2) sin a 
0 


in which, 4, the angle of internal friction, is assumed to be the same for dry 
or wet material; w, and w are the unit weights of water and soil, respectively; 
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and / should be the arc length, ab. If the entire dike is assumed to be saturated, 
the term cl vanishes. A similar equation for the factor of safety against 
sliding can be expressed in the form of moment instead of force: 


n 
r Jert tan ¢ >> Al (wz — wy 2) cos | 
0 
Wj -— Woh 
in which W, and W are, respectively, the total weights of water and soil 
within the are of sliding, abc. The smaller value determined by Equations 
(20) and (21) gives the safer criterion for stability. | 

Mr. Buchanan’s treatment of the hydrodynamic effect of seepage on 
stability of slopes is especially creditable. In testing a model embankment of 
loess the writer has observed a slide near the toe despite the fact that the 
factor of safety, as computed by Equation (21), exceeded 1.78 for c = 0. 
The writer believes that the hydrodynamic force in a saturated slope plays 
an important part in starting a slide. 

Foundations.—A breach may occur in the dike when its foundation is so 
saturated that the underlying material settles or is displaced. In this state, 
the foundation could be considered more plastic than elastic. Studies of such 
failures due to over-stressing the foundation have been presented by Mr. Hough. 
Attention should be called to the fact that there is a horizontal, as well as a 
vertical, load on the foundation when the dike is resisting the pressure of high 
water. For earth or rock-fill embankments this pressure can be transmitted 
to the foundation only in the form of a shearing force. In investigating the 
stability of dike foundations this horizontal hydrostatic load requires as 
careful study as the vertical dead load. 

Control of Seepage—Mr. Buchanan has studied the problem of the 
seepage through a dike with the aid of Professor Gilboy’s formulas as given 
by Equations (2) and (3). The writer has compared this method with that 
suggested by Pavlovsky,® in the case of model dikes of Chinese loess, and has 
found that the latter coincides more nearly with experimental results. The 
latter also affords a simple procedure for designing the best section. A study 
of this method reveals that the permeability factor, K, cannot be constant in 
a newly built dike in which the seepage rate may be quite high. 

The essential points demonstrated by this method are: 


Factor of safety = voc (2b) 


(1) A dike subjected to considerable infiltration over a long period of time 
is at its most dangerous stage; its stability is undoubtedly reduced by the 
hydrodynamic force of the water seeping through it. 

(2) In estimating the shearing failure of the foundation of a dike the 
horizontal transmission of water pressure should not be neglected. 

(3) Theoretically, the best method of reducing infiltration and lowering 
the saturation line of a dike is to increase the flatness of the wet surface. 

(4) The orientation of flaky particles of a material by capillary flow prob- 
ably plays quite an important part in the variation of permeability with time. 


6&3 Jer Congres des Grand Barrages—Scandinavie, Vol. II, 1933; see, also, “The Per- 
colation of Water Through Earth Dams,” by N. N. Pavloysky; tr. by Andreas Luksch ; 
U. S. Bureau of Reclamation, Denver, Colo. 
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THE DESIGN OF ROCK-FILL DAMS 


Discussion 


By HAROLD K. Fox, M. Am. Soc. C. E. 


Harotp K. Fox,* M. Am. Soc. C. E. (by letter).‘*—Core walls in the center 
of the fill are inadvisable, as Mr. Galloway states, the principal reason being 
their inaccessibility. 

The writer questions the advisability of using too much so-called fines in 
the fill because there is a hazard of obstructing drainage and also because 
of the possibility of the fines acting as a lubricant of the larger material and 
thereby facilitating slides. He has had the experience of sinking a shaft 
140 ft from the top of an old rock-fill dam through the fill to bed-rock, and 
bases his belief on that experience. 

The writer does not agree that gates cannot be used in the spillway because 
there are cases in which it can be done with safety, due to the character of 
the run-off and the possibility of maintaining an attendant to operate the gates. 
Gate control will often add materially to the usefulness of the project. 

In regard to the stability of a rock-fill dam, the writer cannot overlook an 
experience with a small one about 50 ft high which was built by a logging 


4 
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crew. Rock was obtained from the surface at the abutments, and the facing 


was of lumber. Cross-sections indicated that the rock had been piled up as 
steeply as possible instead of allowing it to take its angle of repose. The 
lumber facing had been projected to form about 3 ft of flash-boards above the 
crest, and there is plenty of evidence of overtopping. Of course, no engineer 
would recommend any such conditions; however, there is value in knowing 
that a dam of the rock-fill type has stood under such conditions for more than 
forty years. It leaves little doubt as to the stability of -the modern well 
built structures. 

Notr.—The paper by J. D. Galloway, M. Am. Soc. C. E., was published in October, 


1987, Proceedings. Discussion on this paper has appeared in Proceedings, as follows: 
December, 1937, by Messrs. Cecil E. Pearce, and H. B. Muckleston. 


°Constr. Hngr., San Joaquin Light and Power Corp., Bakersfield, Calif. 
®4 Received by the Secretary December 14, 1937. 


